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Abstract 
 
The response of planktonic and aggregated bacterial cells in 
aqueous media to photodisinfection techniques 
 
Ana Carolina Maganha de Almeida 
 
Pseudomonas putida CP1 is an interesting environmental organism which auto-
aggregates when grown under certain conditions. Laboratory studies were carried 
out to investigate the response of both the free-swimming and the aggregated form 
of the bacterium to photodisinfection. The response of the planktonic form of the 
organism was compared with that of E. coli which is widely reported in the 
literature. A variety of aqueous media were investigated including Milli-Q water, 
tap water, minimal medium, Phosphate Buffered Saline (PBS) and ¼ Strength 
Ringers solution. The response of the bacteria to UV-C was carried out in a 
Heraeus UV-RS3 system (700 ml capacity). Studies using UV-A/B in the 
presence and absence of 1g/l of TiO2 (titanium dioxide) were carried out in an 
Aceglass (Vineland, New Jersey USA) reactor vessel model 7841-06 (290 mm 
and 1l capacity). Photodynamic inactivation was investigated using Rose Bengal 
and miniaturised LEDs (light-emitting diodes) with Petri dishes. Cell inactivation 
was determined using both culturable and non-culturable approaches. The 
response of the free-swimming form of P. putida CP1 to photodisinfection was 
similar to that for E. coli (DSMZ 498). The composition of the aqueous medium 
significantly affected the response of the cells to photodisinfection. The 
aggregated cells were significantly more resistant to photodisinfection than the 
planktonic cells. Resistance was attributed to the presence of an extracellular 
matrix comprising carbohydrate, protein and DNA. Photodisinfection using UV-C 
was the most effective method of disinfection. It was more effective than UV-
A/B, in the presence or absence of TiO2, and photodynamic inactivation using 
Rose Bengal, for the treatment of both planktonic and aggregated cells. 
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1 Introduction 
 
1.1 UV disinfection and Photocatalysis 
 
Terminology such as UV-disinfection, ultraviolet irradiation, photolysis or 
photodisinfection are used to define processes that rely on the ultraviolet region of 
the electromagnetic spectrum to eliminate undesired microorganisms from 
drinking and wastewaters, surfaces and air (Cutler and Zimmerman, 2011; Choi 
and Choi, 2010; Aidan et al., 2007). At a molecular level, chemistry defines 
photolysis as the “cleavage of one or more covalent bonds in a molecular entity 
resulting from absorption of light, or a photochemical process in which such 
cleavage is an essential part” (McNaught and Wilkinson, 1997).  
 
In 1887, Downes and Blunt were the first to demonstrate the natural killing effect 
of sunlight on microorganisms. The authors described the solar inhibitory effects 
over growth and regrowth of organisms in water and how these were related to 
wavelength region selected (Downes and Blunt, 1877). In 1910, after the 
invention of mercury bulbs, the first UV disinfection plant for drinking water 
treatment was built in Marseille (USEPA, 2006). Until the mid-20
th
 century, the 
establishment of UV disinfection treatment plants was hampered by difficulties 
with UV plant operation and competition with chlorination. In 1955, the first 
reliable industria l applications of UV light for disinfecting water were rendered 
operational in Switzerland and in Austria. In the 1980s, with the discovery of 
disinfection-by-products, the popularity of UV disinfection increased as an 
alternative to chlorination. In the same decade, UV disinfection units were 
installed in Norway and in the Netherlands (USEPA, 2006). Over the course of 
the last 30 years, the UV disinfection process has been used as a reliable 
technology to disinfect water and wastewater in Europe and North America (M. 
Guo et al., 2009; USEPA, 2006). 
 
The ultraviolet region of the electromagnetic spectrum lies between the X-ray and 
visible region and is divided into four regions: UV-V vacuum (100-200 nm), UV-
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C (200-280 nm), UV-B (280-315 nm) and UV-A (315-400 nm) (Figure 1.1). The 
subdivision of the UV region is related to physical, biological and medicinal 
effects. For instance, vacuum UV, X-rays and Gamma rays are ionizing 
electromagnetic radiation, which have an amount of energy high enough to eject 
electrons from irradiated molecules. As a result, they cause photo-ionization 
(Oppenländer, 2003). 
 
 
Figure 1.1 – Electromagnetic spectrum (USEPA, 2006). 
 
The sun naturally generates ultraviolet radiation. Fortunately, negligible amounts 
of UV-C wavelengths (200-280 nm) which are very detrimental to organisms , 
reach the earth’s surface (Smith et al., 1992) as these wavelengths are not long 
enough (Cutler and Zimmerman, 2011). UV-C is referred to as the ‘germicidal’ 
spectrum for its high efficiency in inactivating bacteria (Cutler and Zimmerman, 
2011). A term which is very useful referring to UV-C is ‘UVGI’ or ‘ultraviolet 
germicidal irradiation’ (Kowalski, 2009). UVGI distinguishes the germicidal 
wavelengths from the UV-A/B region (Cutler and Zimmerman, 2011). 
 
UV-B (280-315) is detrimental to aquatic organisms and it is mostly absorbed by 
the ozone layer which reduces amounts of UV-B reaching the earth’s surface. 
Contrary to that, UV-A as well as the visible wavelengths that reach the earth’s 
surface are relatively independent of the ozone layer (Smith et al., 1992). The 
UV-B region is responsible for the production of vitamin D and sun-tanning of 
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skin (Goodsell, 2001). UV-A (315-400 nm) is involved in 
photodamage/photorepair of living organism, whereas the visible wavelengths 
(400-700 nm) are responsible for photosynthesis (Smith et al., 1992). 
 
Photocatalysis is an advanced oxidative process (AOP). It involves the generation 
and subsequent reaction of very oxidizing species which includes the so-called 
•
OH hydroxyl radical (Malato et al. , 2007). 
•
OH radicals are highly reactive, non-
selective, of electrophilic character, ubiquitous in nature and easy to produce 
(Oppenländer, 2003). The production of 
•
OH radicals is achieved by different 
oxidation processes, such as TiO2/UV, H2O2/UV, photon-Fenton and ozone (O3, 
O3/UV and O3/H2O2). As the production of ultraviolet radiation is costly, in recent 
years there has been an increasing amount of literature on AOPs driven by solar 
irradiation. In this scenario heterogeneous photocatalysis utilizing TiO2 plays a 
major role (Malato et al., 2007).  
 
The appeal for applications of TiO2 photocatalytic disinfection is a result of the 
unsuitability of current water treatment technologies. For instance, strong 
oxidants, such as chlorine, chlorine dioxide and ozone, produce disinfection-by-
products. Another point is that the removal of pollutants by adsorption on carbon 
filters produces undesired accumulation of hazardous solids, which in turn still 
needs further disposa l (Malato et al., 2009). One major advantage of 
photocatalysis in this context is that it aims for the photomineralisation of organic 
pollutants which may reduce the problem of accumulation of hazardous products 
(Mills et al., 1993). 
 
The majority of studies on photocatalytic treatment of water have employed 
titanium dioxide (TiO2) (Byrne et al., 2011). TiO2 is a polycrystalline, semi-
conductor oxide with band-absorption mainly in the near UV (Josset et al., 2008). 
The Degussa-P25 powder, which is formed by rutile and anastase crystalline form 
of the catalyst, offers a high surface area which enhances reactivity with bacterial 
cells. Therefore it is more efficient compared to other types of titanium for 
microbial inactivation (Gumy et al., 2006). The activity of Degussa-P25, for 
disinfection purposes, has also shown to be relatively independent of initial pH of 
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the suspension (Gumy et al., 2006). TiO2 is found abundantly in nature, relatively 
cheap (Dalrymple et al., 2010), non-toxic, chemically and biologically inert, 
photo-stable compound (Mills et al., 1993). Moreover, photocatalytic activity of 
TiO2 is preserved even after repeated usage (Gamage and Zhang, 2010). This 
feature allied with its mechanical properties allows for various applications of 
TiO2 in photocatalytic water treatment (Chong et al., 2010). TiO2 has been used as 
slurry (Maness et al., 1999), or immobilised in various surfaces, such as thin film 
coated onto an inert acetate sheets (Lonnen et al., 2005), coated in glass slides (Lu 
et al., 2003) or placed on membrane filter (Hara-Kudo et al., 2006). 
  
The surface area is one of the factors which determine photocatalyst efficiency 
(Bhatkhande et al. , 2002). In the case of TiO2 slurry (suspended catalyst), more 
surface is available for reacting and for binding bacteria (Mccullagh et al., 2007). 
Therefore the activity and efficiency of TiO2 slurry has been generally found to be 
superior to that of the immobilised form. However, use of slurry has 
disadvantages. Dalrymple et al., (2010) argued that the toxicity of nanoparticles 
and the need to recover them after treatment requires an additional separation 
method which put in additional complexity and costs to the photocatalytic 
process. Promising work has been carried out with immobilised TiO2 (Mccullagh 
et al., 2007) showing that this approach also offers advantages. Byrne et al., 
(2011) proposed careful adaptation of reactor’s design could prevent loss of 
efficiency caused by catalyst immobilisation, a premise also supported by Li et 
al., (2008). 
 
TiO2 is photo-excited by UV-A wavelengths while the generation of hydroxyl 
radicals takes place at the surface of the catalyst in its interface with water. A 
relevant aspect of photo-excitation of TiO2 by UV-A wavelengths is that 
ultraviolet emission represents only a minor part (<5%) of the sun irradiation 
spectrum (Dalrymple et al., 2010). Thus, the use of photocatalytic materials which 
absorb in the visible range is of vital importance to the expansion of more cost-
effective water treatment using solar irradiation. In this way, recent work has 
focused on shifting the absorption spectrum of TiO2 to visible wavelengths (Byrne  
et al., 2011). For example, N- and S- co-doped TiO2 showed improved 
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disinfection of E. coli in visible wavelengths of doped material compared to the 
pure material (Rengifo-Herrera et al., 2008). In another study a photocatalytic 
fibre composite material PdO/TiON showed a high photocatalytic disinfection 
rate of E. coli with visible irradiation (Pinggui et al., 2009).  
 
Upon absorption of UV-A photons (hv), with energy higher than its band gap 
(3.2eV) by TiO2, one e
-
(cb) electron is excited from the conduction band to an 
empty valence band leaving behind an electron hole h
+
(vb) (Chong et al., 2010). In 
this way, a positively charged ‘hole’ is formed in the valence band h+(vb) and an e
-
(cb) in the conduction band are generated (Seven et al,. 2004). A scheme of the 
main reactions during the electron-hole generation at the catalyst surface based in 
Min et al., (2005) is illustrated in Figure 1.2. 
 
Figure 1.2 – UV generation of •OH hydroxyl radicals at the surface of TiO2 
catalyst and reactions of the photocatalytic process. 
 
In the conduction band, the electron e
-
(cb) is available for electron transfer to 
reducible species that are adsorbed onto the TiO2 surface. The e
-
(cb) reduces 
oxygen to O2
•-
(superoxide), and the further reduction of O2
•- 
produces H2O2. 
Reduction of H2O2 by e
-
(cb) can as well produce the 
•
OH radical. The superoxide 
can react with H2O2 to produce the 
•
OH radical (Haber–Weiss reaction) (Choi and 
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Choi, 2010). At the TiO2 particle surface, the h
+
(vb) hole abstracts electrons from 
absorbed oxidisable species, such as OH
- 
or H2O and forming 
•
OH radicals. The 
recombination of 
•
OH radicals also produces H2O2. Therefore, the production of 
H2O2 can be ascribed to either a reductive pathway or an oxidative pathway (Choi 
and Choi, 2010). In the absence of electron acceptors, the electron-hole pair may 
recombine. The presence of oxygen might prevent this recombination by trapping 
electrons through the formation of superoxide ions. The final product of the 
reduction may also be a radical (Seven et al., 2004).  
 
By using semi-conductor photocatalysis, the organic pollutants (microbial or 
chemical origin) may be eventually photomineralised to CO2, H2O and mineral 
acids (Byrne et al., 2011; Mills et al., 1993). An attractive feature of 
heterogeneous TiO2 photocatalysis is its ability to destroy simultaneously toxic 
pollutants and pathogenic microorganisms (Mccullagh et al., 2007). This feature 
has been used in various applications such as water and wastewater treatment, 
self-cleaning surfaces and air cleaners (Fujishima et al., 2000), in solar active 
materials to enhance degradation of pollutants on buildings roofs and surfaces and 
in bioufouling resistant materials (Li et al., 2008). Additionally, photocatalysis 
has been claimed as a method to potentially help to inactivate airborne microbial 
pathogens and to combat the threat of bioterrorism agents such as anthrax 
(Gamage and Zhang, 2010).  
 
1.1.1 Reactors 
 
Oppenländer (2003) listed the basic models of photochemical reactors as batch 
reactor, mixed flow reactor, plug flow reactor and batch circulation reactor. The 
author explains that the choice for a reactor system depends of three variables: 
reaction system, lamp technology and photochemical engineering. In full-scale 
drinking water treatment a variety of UV reactor designs exist. The range of 
geometry of UV reactors results in different hydrodynamic within each system. 
As a result, the dose distribution, disinfection and oxidation may be different 
although the flow-rate, lamp power and water absorbance are the same (Wols et 
al., 2011).  
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Studies of UV disinfection at bench scale often use a collimated beam apparatus 
(Braunstein et al., 1996; Qualls et al., 1983). It consists of a horizontally placed 
UV lamp, a shutter, a window, a collimated tube, power supply, platform (for 
stirring) and a Petri dish (Figure 1.3a). The collimated beam apparatuses are 
chosen more frequently because they are easier to construct and inexpensive 
compared to other UV reactors (Blatchley III, 1997). 
 
  
      (a)     (b) 
Figure 1.3 – UV collimated beam apparatus (a) and annular UV reactor (b) 
(Bolton, 2000). 
 
Another type of photochemical set up useful in bench-scale UV disinfection 
studies are the in-batch annular UV reactors (Figure 1.3b). Annular reactors are 
upscaled in comparison to the Petri dishes used in biodosimetry analysis, as they 
can hold a few litres of water (Labas et al., 2009). They consist of an outside 
reactor vessel, an immersion well and a UV light source inserted into the quartz 
inner vessel. In UV annular reactors’ fluence-rate varies from point to point in the 
reactor, but if the water is well mixed radially all the elements w ill receive the 
same average dose (Bolton, 2000). 
 
In photocatalytic studies, when a catalyst such as TiO2 is present in the reaction 
medium, the reactor configuration often differs from UV disinfection. In that case, 
two types of photocatalytic reactors are normally found; the slurry reactor type 
(Figure 1.4) and reactors with photocatalytic material immobilised in a solid 
carrier (Figure 1.5). The main difference between them is that in the slurry reactor 
type a separation unit is needed downstream in order to recover the photocatalyst.  
The slurry type of reactor is the one applied more frequently on photocatalytic 
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studies (Chong et al., 2010). The reason, as aforementioned, is the larger surface 
of photocatalyst available for reaction and therefore more ROS (reactive oxygen 
species) are generated per volume of photocatalyst in suspension (Pozzo et al., 
1997). 
  
Figure 1.4 – Slurry reactor (Pyrex beaker) 
(Pinggui et al., 2009). 
Figure 1.5 – Immobilised 
photocatalytic film (Benabbou et 
al., 2007). 
 
An effective reactor design will scale up laboratory bench scale processes to 
feasible industrial applications. Photocatalytic reactors have been used for various 
purposes including wastewater, potable water treatment and gaseous effluents. 
Examples of photocatalytic reactors employed in photocatalytic research are 
annular reactors, packed bed reactor, fluidised bed reactor, coated fibre optic cable 
reactor and swirl flow reactor (McCullagh et al., 2011).  
 
In the beginning of the 1980s the parabolic-trough collector (PTC) (Figure 1.6a, 
b) was believed to be the most appropriate hardware for the photocatalytic 
process. It followed the design of reactors used in solar thermal processes. 
However, drawbacks of the parabolic-trough collector included the large  
dimensions and area needed for installation, high cost, complicated maintenance, 
and the usage of photons was inefficient. Later, in the 1990s the focus of research 
turned to a new design of reactor, the non-concentrating collector (Figure 1.6c). 
This was static, simpler, and more cost-effective than the parabolic-trough 
collector. One type of collector that has shown major advantages against other 
systems is the compound parabolic collector (CPC) (Blanco-Galvez et al., 2007) 
(Figure 1.6d). The CPC combines the capacity of concentrating the solar radiation 
and the ability to retain the stationary and diffuse-radiation collection properties 
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of flat plate collectors (Malato et al., 2007). Advantages of the CPC include : 
turbulent flow conditions, absence of vaporization of volatile compounds, absence 
of tracking, absence of overheating, weatherproof resistance, low-cost, potential 
of capturing both diffuse and direct irradiance, absence of reactant contamination 
and high optical and quantum efficiency (Blanco-Galvez et al., 2007). 
(a) (b) 
 
 (c) _ (d) 
Figure 1.6 – A selection of solar reactors. Parabolic-troughs (PTC) with two axis 
solar tracking (a), Parabolic-troughs with single-axis solar tracking (b), Non-
concentrating solar collector (c) and Compound parabolic concentrator (CPC) 
schematic drawing and photograph (d) (Malato et al., 2007). 
 
Much research has been carried out with CPC collectors in P lataforma Solar 
Almería (PSA), in Spain. The mirrors used in CPCs have been shown to be very 
effective in concentrating the solar spectrum (Navntoft et al., 2008). The reactors 
have been used to enhance SODIS (solar disinfection) (Polo-López et al. , 2011; 
Navntoft et al., 2008) , to reduce contamination of lettuce crops in reclaimed 
water irrigation (Bichai et al., 2012) and to inactivate total coliform, E. coli and 
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Salmonella in natural water (Sciacca et al., 2011). A new automated sequential 
batch CPC reactor for enhancing efficiency and application of SODIS has been 
recently demonstrated. In this work, the authors c laimed an affordable solution to 
automatically carry out SODIS with reduction of exposure time and minimal user 
input (Polo-Lopez et al. 2011).  
 
Mills and co-authors have suggested that the photocatalytic technology could be 
incorporated to alleviate fouling of membranes (Mills  et al., 1993). This was later 
demonstrated in practice by Zhang et al., (2008). In addition, the work from 
Zhang et al., (2008) investigated the concurrent filtration and photocatalytic 
degradation of humic acids. Li et al. , (2008) suggested that incorporating 
nanoparticles to membranes could prevent fouling and make the membranes 
“reactive instead of a simple physical barrier”, which in turn would favour 
expansion of filtration in wastewater and water treatment. Furthermore, they 
claimed that nanoparticles, such as TiO2 could be potentially combined with 
ultraviolet reactors to enhance detoxification and disinfection effects (Li et al., 
2008).  
 
1.1.2 Light sources and measurement  
 
UV disinfection units in water and wastewater disinfection plants use low 
(monochromatic) or medium-pressure (polychromatic) mercury lamps (Hijnen et 
al., 2006; Sommer et al., 2005).  
 
Low-pressure mercury lamps (LP) are resonance lamps with emission peaks at 
253.7 nm and 184.9 nm (USEPA, 2006). They contain mercury vapour at pressure 
of about 1.35x10
-4 
psi (USEPA, 2006) and power of 40-100 W (Bolton, 2000). LP 
lamps operate at an optimum temperature of 40
o
C. They are widely used in 
polymerization reactions and germicidal sterilization of water (Bolton, 2000), 
surfaces and food (Guerrero-Beltran and Barbosa-Cánovas, 2004). Two 
downsides of low-pressure mercury lamps are that monochromatic radiation at 
253.7 nm is absorbed strongly by most organic system, the penetration of UV-C is 
low and limited, and in addition they emit lower fluence-rates compared to 
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medium-pressure mercury lamps (Phillips, 1983). Medium-pressure mercury 
lamps (MP) are high power (1-5 kW) (Bolton et al., 2001) lamps that operate at 
elevated temperatures 600-900
o
C. They are polychromatic and emit in the 
germicidal region between 200-300 nm and in the UV-A and B regions with 
overall high fluence-rate (intensity) (USEPA, 2006). Low-pressure mercury lamps 
have been used mainly in UV disinfection. Recently however, medium-pressure 
mercury lamps have been used more often. The reason for this is that they have a 
broader output power ranging between 200-300 nm (polychromatic) and 
consequently a higher germicidal UV power per unit length (Sommer et al., 
2005). Furthermore, medium-pressure lamps deliver UV-doses at lower contact 
times than low-pressure ones, thus fewer medium-pressure lamps are needed. In 
addition, costs associated with cleaning of quartz tubes used in medium-pressure 
lamps and replacement of the lamps is comparatively lower than the low-pressure 
lamps (Lingireddy, 2002) (Figure 1.7).  
 
(a)  (b) 
Figure 1.7 – UV systems used to treat wastewaters in a low-pressure mercury 
lamp system with large number of lamps noted by the wires protruding from the 
ends of the UV chambers (a) and in a medium-pressure reactor system with only 
two lamps per chamber (b) (Aquionics, 2008). 
 
The germicidal or UV-C emission of low-pressure mercury lamps is  
approximately 10%, whereas medium-pressure lamps have a germicidal efficiency 
of 30%. Other differences are that LP are indicated for lower water flows (<1000 
m
3
/h) while MP lamps are indicated for higher water flow (>1000 m
3
/h) (Sommer  
et al., 2005). The standards for efficiency of mercury lamps employed in UV 
disinfection plants are set by the Austrian National Standards ÖNORM M 5873-1 
(ÖNORM, 2001) for low-pressure systems, and the ÖNORM M 5873-2 for 
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medium-pressure lamps (ÖNORM, 2003). In the US the standards for UV plants 
are set by the “Long Term 2 Enhanced Surface Water Treatment Rule” which was 
compiled by the US Environmental Protection Agency (USEPA, 2006). 
 
The UV dose or “fluence” is calculated as a product of the fluence-rate 
(irradiance) and exposure time (Bolton and Linden, 2003). The SI unit of UV dose 
is J/m
2
 (Joule per meter squared), conventionally adopted in Europe. On the other 
hand, the conventional unit of UV dose or fluence in North America is mW s/cm
2
 
(milliwatts seconds per centimeter squared) (Bolton, 2000). References for the 
validation of recommended UV doses on water treatment plants are available 
from the Austrian Standards Institute (ONÖRM, 2001) and the National Water 
Research Institute and the American Water Works Association (Jungfer et al., 
2007). Irradiance and intensity have been used in the UV literature; however the 
appropriate term in UV disinfection is ‘fluence-rate’; as UV can hit the 
microorganism from any direction. On the contrary, radiometers measure the 
irradiance. In a well-designed collimated beam apparatus the fluence-rate and the 
irradiance are the same (Bolton and Linden, 2003). 
 
Irradiance and intensity are terms used in the UV literature; however the 
appropriate term to be used in UV reactors is ‘fluence-rate’, since microorganisms 
can receive radiation from any direction, particularly when there are several UV 
lamps in the vicinity. Fluence-rate is the total radiant power passing from all 
directions through an infinitesimally small sphere of cross-sectional area dA, 
divided by dA. Irradiance is defined as the total radiant power incident from all 
directions onto an infinitesimal element of a surface area dS containing the point 
under consideration, divided by dS. Irradiance is the appropriate term when a 
surface is being irradiated by UV radiation coming from all directions above that 
surface (Bolton, 2000). The International System Units for fluence-rate is W m
-2
 
(Nic, Jirat and Kosata, 2010); however the unit mW/cm
2
 is very common in UV 
disinfection studies. In a well-designed collimated beam apparatus the fluence-
rate and the irradiance are the same. In this way, in a collimated beam apparatus, 
radiometers can be used to obtain the irradiance from each the fluence-rate is then 
extrapolated (Bolton and Linden, 2003). 
  
14 
 
 
In a collimated beam apparatus, the UV fluence-rate is obtained indirectly from a 
radiometric measurement of the UV fluence-rate reaching the water surface at the 
Petri dish (Lakretz et al., 2010; Braunstein et al., 1996). The radiometric 
measurement in a collimated beam apparatus needs to account for corrections 
which are the reflection factor, Petri factor, water factor and the divergence factor 
in low-pressure lamps and germicidal factor and sensor factor in medium 
pressure-lamps (Lakretz et al., 2010; Bolton and Linden, 2003; Braunstein et al., 
1996). The Petri factor is a calculation representing a ratio which takes in 
accounts several measurements of average irradiance to the centre irradiance 
across the surface of a Petri dish. This factor compensates for the fact that the 
irradiance is not uniform over the entire surface area of the sample container, (e.g. 
a Petri-dish). The water factor determines the UV absorption by the liquid 
containing the test organism, a water factor was calculated by using an integrated 
form of Beer's Law that considers the absorption coefficient and the path length of 
the liquid (Zimmer and Slawson, 2002; Bolton, 2000). 
 
Once these factors are taken into account the UV dose (mJ/cm
2
) is obtained as a 
product of the average fluence-rate (mW/cm
2
) value and exposure time in 
seconds. Radiometric measurements become a simple, cost-effective and routine 
measurement in full-scale UV plants. However, there are several problems with 
this method. The first is the number of sensors and the locations required to be 
monitored within the reactor as the variations in reactor geometry, reflection and 
water quality influence the actual fluence-rate. Secondly, UV sensors are not 
reliable in the long term due to fouling or degradation by exposure to UV 
wavelengths (Malley, 2002). 
 
Other methods for measurement of UV-dose are biodosimetry, mathematical 
modelling and actinometry (Braunstein et al., 1996). In biodosimetry, for 
instance, a surrogate microorganism (biodosimeter) is seeded in a collimated 
beam apparatus where a log inactivation is computed. The surrogate 
microorganism is then seeded in a full-scale UV system and the log inactivation 
obtained is correlated with the values of the collimated beam device in a 
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calculation called the Reduction Equivalent Fluence for obtaining the UV dose 
(USEPA 2006, Hijnen and Medema, 2010). Biodosimetry is already used in UV 
drinking water applications as a norm in Austria and as a guideline in Germany 
and in the USA (Hijnen and Medema, 2010). In mathematical modelling, refined 
and complex tools such as Multiple Point Source Summation (MPSS model), Line 
Source Integration (LSI model) or Multiple Point Source Summation modified 
model have been developed to obtain average fluence-rate of annular reactors, 
which then when multiplied by the hydraulic retention time yielded the ideal 
maximum UV dose (Bolton, 2000). In the case of chemical actinometry, an 
actinometer, such as potassium ferrioxalate or potassium iodide are used to 
determine experimentally the irradiance and dose delivery based on quantifiable, 
photochemically changes of the actinometer (Blatchley III et al., 2006).  
 
In photocatalytic disinfection a series of radiation sources able to emit in the UV 
range have been used. They include solar irradiation with CPC mirrors (Bichai et 
al., 2012) , a Hanau Suntest (AM1) lamp (solar simulator) (Rincón and Pulgarin, 
2004c), a high pressure mercury lamp (λ<300 nm cut off) (Lu et al., 2003), 
F40BL blacklights (Huang et al. , 2000; Watts et al., 1995), a xenon UVA lamp 
with 330-450 nm output (Robertson et al., 2005) and low-pressure mercury lamp 
(Sun et al., 2003). In photocatalytic studies, radiometric measurement is the 
choice of practice for obtaining fluence-rate values (Pinggui et al., 2009; Rincón 
and Pulgarin, 2007; Gumy et al., 2006), although chemical actinometry has been 
less reported (Gumy et al., 2006; Cho et al., 2004). 
 
1.2 Photodynamic inactivation (PDI) 
 
The principle of photodynamic inactivation (PDI) consists of irradiating a 
photosensitiser (PS) molecule with appropriate visible light (photosensitisation) 
and in the presence of molecular oxygen to generate singlet oxygen and other 
various reactive oxygen species (ROS). The singlet oxygen, which is a highly 
oxidizing excited state of molecular oxygen and the ROS formed react with 
biomolecules in the microbial cell and promote the photodynamic inactivation 
(Mantareva et al., 2011). 
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Research in photosensitised production of singlet oxygen has made a substantial 
contribution to the medical and environmental fields. PDT (photodynamic 
therapy) is used to treat microbial infections, skin disease and tumours (Hashmi et 
al., 2011; Dolmans et al., 2003). PDT benefits agriculture in the production of 
sunlight-activated herbicides and insecticides, while other applications include 
remediation of wastewater and disinfection of drinking water (Magaraggia et al., 
2011). In addition, the photosensitized generation of singlet oxygen is applied in 
synthesis of fine chemicals to obtain products which would be more expensive or 
complex to obtain by other means (Oleinick, 2010). 
 
Nowadays, the medical application of singlet oxygen is accepted namely as PDT. 
Nonetheless, PDT is a term also used in antimicrobial applications (Jori and 
Coppellotti, 2007). Wainwright (1998) named the destruction of microorganisms 
by singlet oxygen as “photodynamic anti-microbial chemotherapy” (PACT) 
(Wainwright, 1998), while other used terminologies used are anti-microbial 
therapy (aPDT) (Almeida et al., 2011) and photodynamic inactivation (PDI) 
(Perussi, 2007).  
 
The first record of medical usage of a photosensitiser dates from a painting of the 
ancient Egyptians. The plant extracts of Amni majus and sunlight were shown in 
that painting to be used in the treatment of a skin disease (Josefsen and Boyle, 
2008; Oppenländer, 2003). Currently, the active principle of A. majus (psoralen) 
is successfully employed in the treatment of psoriasis (Josefsen and Boyle, 2008). 
In the beginning of the 20
th 
century, Oscar Raad showed the first concrete 
evidence of toxicity of a sensitiser (acridine orange) against a microorganism 
(Paramecium caudatum) in the presence of light (Maisch, 2007). Later Raad’s 
teacher Tappeiner named the effect observed as “photodynamic reaction” 
(Maisch, 2007). From the middle of 20
th
 century, and with the discovery of 
antibiotics, research/studies with antimicrobial photodynamic therapy were put 
aside. When antibiotic misuse brought about emergence of drug resistant 
microbial species, studies on PDT were retrieved as an alternative to tackle the 
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problem of increased acquired antibiotic resistance (Schastak et al., 2010; Maisch, 
2007).  
 
During the generation of singlet oxygen by photosensitisation, a photon of energy 
is absorbed by the photosensitiser S0, which is excited to the singlet state (S1). The 
S1 short life-time and low-energy state sensitiser, either returns to ground state or, 
by intersystem crossing, passes to a lower energy but longer lived triplet state 
(T1). T1 sensitiser undergoes two types of photoreactions in the presence of 
oxygen- type I reaction - involves electron transfer between the T1 photosensitiser 
and a substrate molecule (e.g. a membrane lipid) producing radical ions. In a 
chain of reactions, those radical ions react with oxygen to produce reactive 
oxygen species (ROS), such as superperoxide O2
•-
, hydroxyl and hydroperoxide 
(Kuznetsova et al., 2007). Type II reaction - involves energy transfer from the 
triplet state photosensitiser “T1
”
 to triplet state molecular oxygen 
3
O2 “T0
”
. This 
transfer of energy generates singlet oxygen (
1
O2*) (Oleinick and Evans, 1998). In 
Figure 1.8, a detailed Jablonski diagram modified by Bonnet (1995) shows the 
reactions occurring during photosensitised generation of singlet oxygen.  
 
 
Figure 1.8 – Electronic transitions upon one photon of light absorption by a 
sensitiser during photosensitised generation of singlet oxygen (Bonnett, 1995). 
 
Each photosensitiser molecule typically produces 10
3
-10
5
 singlet oxygen 
molecules 
1
O2*
 
before being photodegradaded or photobleached (Derosa and 
Crutchley, 2002). The singlet oxygen yield of singlet oxygen ФΔ is always equal 
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or less than a unit (ФΔ≤1). In other words, the ФΔ measures the efficiency of 
singlet oxygen generation during a photosensitised reaction (Josefsen and Boyle, 
2008). 
 
Any photosensitiser ought to have (1) high absorption coefficient in the spectral 
region of the excitation light; (2) a triplet state of appropriate energy to allow 
energy transfer to ground state oxygen; (3) high quantum yield of the triplet state 
and long triplet state lifetime (>1 µs); and (4) high photo-stability (Derosa and 
Crutchley, 2002). In the case of a photosensitiser used in the environment, e.g. to 
treat water, Almeida et al., (2011) highlight other aspects which deserve attention. 
These include (1) the removal of the sensitiser after photodynamic action to avoid 
its release in effluent water; (2) the effect of physical and chemical parameters of 
environmental waters; (3) possibility of using sunlight as light source and (4) 
photostability of sensitiser and conjugates under sunlight irradiation. In medical 
applications, the photosensitiser has to be non-toxic under dark conditions and 
have high affinity to the tumour cells (Perussi, 2007). In addition, to minimise the 
risk of side effects it ought to have maximum absorption in the red region (λ>600  
nm) which has a higher penetration power into most human tissue, and it should 
not be absorbed by endogenous cell/tissue constituents to a significant degree.  
 
The efficiency of PDI depends on many factors including charge of the sensitiser, 
incubation time, light dose, and rate of drug uptake (Melo et al., 2011). Another 
factor which has been found relevant in PDI of Gram-negative bacteria is 
increased lipophilicity which allows increased interaction with lipid-rich 
membranes (Wainwright et al., 2010). In 2011 Wainwright and collaborators 
demonstrated (Wainwright et al., 2011) through the study of methylene blue 
derivatives that increased amphiphilic character endowed higher microbial uptake 
by microbial cells , thus improving photo-antimicrobial activities. A sensitiser 
molecule which is successfully used in chemical assays may not perform well 
against microbial targets due to metabolism, reduction or because it is not  
localized in a non-vital area (Wainwright, 1998). Another point is that good yields 
of singlet oxygen production in an in vitro environment may not correlate 
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antimicrobial photodynamic efficiency given the differences with cellular 
environments (Wainwright et al., 2010). 
 
In general, positively charged photosensitisers are more effective in promoting 
PDI of bacteria and act in lower concentrations than anionic or non-charged 
photosensitisers (Perussi, 2007). Photosensitisers can be divided in three classes 
according to their level of microorganism association. There are photosensitisers 
which are tightly bound and penetrate into the microorganisms such as 
polycationic porphyrins conjugates, those which are only loosely bound such as 
toluidine blue or methylene blue, and those which do not demonstrate any level of 
binding such as Rose Bengal (Demidova and Hamblin, 2005). The higher 
efficiency of the polycationic porphyrins have demonstrated superior inactivation 
rates of S. aureus, E. coli and C. albicans at considerably lesser fluence of light 
and sensitiser concentrations (Ergaieg and Seux, 2009; Demidova and Hamblin, 
2005). 
  
Alternatively, chemical classification of photosensitisers used in PDI include 
halogenated xanthenes such as Rose Bengal, phenothiazinium photosensitisers 
such as methylene blue and toluidine blue (Perussi, 2007), cyclic terapyrroles or 
structural derivatives in particular porphyrin, chlorin, bacteriochlorin, expanded 
porphyrin, and phthalocyanines derivatives (Josefsen and Boyle, 2008). 
 
Xanthene dyes such as erythrosine and Rose Bengal show strong absorption of 
light in the spectral range of 500-550 nm which corresponds to that emitted by 
light-emitting-diodes LEDs (blue and green lights) (Rossoni et al., 2010). Rose 
Bengal possesses triplet states of appropriate energy for photosensitisation of 
oxygen and a high quantum yield in water (ФΔ=0.76) (Derosa and Crutchley, 
2002) and very high molar extinction coefficient ɛ=99,800 M-1 cm-1 at 549 nm 
(Panzarini et al., 2011). In photodynamic microbial inactivation for purposes of 
drinking water treatment, Rose Bengal (xanthenes) and methylene blue 
(phenothiazinium) are widely reported compounds (Josefsen and Boyle, 2008; 
Cooper and Goswami, 2002). 
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Wainwright and Crossley (2004) considered phenothiazinium photosensitisers, 
which include methylene blue, as very suitable for PDT applications. The reason 
is that methylene blue derivatives have often been used as microbial stains as they 
are highly selective to microbial cells, and they have high propensity for ROS 
production (Wainwright and Crossley, 2004). Methylene blue has a significant 
singlet oxygen yield in water (ФΔ=0.52) (Derosa and Crutchley, 2002). A new 
generation of derivatives from methylene blue (pentacyclic phenothiazinium 
compounds) have recently been developed and claimed to be highly effective in 
PDI applications. They have shown to have increased λmax and amphiphilic 
character, while maintaining intense light absorption and high singlet oxygen 
yields. Moreover, these phenothiazinium compounds present very low toxicity in 
the dark. One of compounds, 1,9-dimethyl-methylene blue, was more amphiphilic 
than methylene blue which could explain its improved efficiency in comparison to 
methylene blue. The discovery of such compounds is of great value as they can be 
used in red blood cells sterilisation for which there is no current clinic accepted 
protocol (Wainwright et al., 2011). Porphyrins are a class of compounds which 
are found in nature and are composed of aromatic heterocyc lic structures. The two 
important porphyrins are haem and chlorophylls. As porphyrins have unique 
physic-chemical properties they are used in diverse applications ranging from 
artificial photosynthesis, oxidation catalysis, sensors and in nanomaterials for  
PDT and PDI usage. For the purpose of PDT applications there are two groups of 
porphyrins: natural, natural but chemically modified porphyrins and synthetic 
porphyrins (neutral, anionic and cationic) (Almeida et al., 2011).  
 
Porphyrins and their analogues gained increased research attention because their 
presence in nature makes them ideal to be used in singlet oxygen generation in 
biological systems. They can absorb several wavelengths in the UV-VIS range 
and many have long triplet states which allow for high singlet oxygen quantum 
yield. When searching for specific applications, the properties of porphyrins can 
be modified by substituents on the macrocycle, such as metal ions coordinated at 
its centre, or ligands attached to axial positions (Derosa and Crutchley, 2002). 
Phthalocyanines are derivatives of the porphyrin skeleton and differ by having 
nitrogen atoms linking the individual pyrroles units. Phthalocyanines have the 
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property of absorbing the red region overlapping the region of max tissue 
absorption thus making them very useful in PDT applications (Derosa and 
Crutchley, 2002). Porphyrins and Phthalocyanines have been successfully used to 
promote inactivation of Gram-positive bacteria. When microbial inactivation in 
homogenous media takes place, the efficiency against Gram-negative bacteria, 
however, is dependent upon the addition of positive groups which are strongly 
linked with a negatively charged cell wall (Phoenix et al., 2003).  
 
Photosensitised generation of singlet oxygen from molecular oxygen using a 
suitable photosensitiser can be achieved in solution (homogeneous) and in a 
heterogeneous medium (immobilised sensitiser) (Burguete et al., 2009). 
Photodynamic inactivation is efficient when the photosensitiser is water soluble, 
although the removal of water-soluble dyes and their photoproducts from treated 
solution is extremely difficult. In this way, the use of immobilised 
photosensitisers is of great interest as the immobilised chemical can be easily 
separated from the solution by filtration or centrifugation (Kuznetsova et al., 
2011). The first work demonstrating the utility of immobilised photosensitisers 
was carried out by Shaap and Neckers (1973) with Rose Bengal merrifield resin, a 
low cross-linked polystyrene bead. Since then, new solid supports or carrier 
systems have been developed to expand the applications of PDT or aPDT. 
Whether a sensitiser is immobilised in a solid support one factor to be considered 
is the diffusion length of the singlet oxygen which is about 200 nm (Kuznetsova et 
al., 2011; Krasnovsky Jr, 1998). Kuznetsova et al., (2011) discussed the need for 
ongoing research in the field as there is still a need to develop immobilised 
sensitisers able to generate better singlet oxygen yields in water (Kuznetsova et 
al., 2011). Examples of solid supports include polymeric substances such as 
polycationic chitosan-conjugated (Shrestha and Kishen, 2012), porous silicon 
(Manjón et al., 2007), polyacrylamine resins, polyacrylates, silica, gold 
nanoparticles, magnetic carriers, and quantum dots and porous monolithic 
polymer (Burguete et al., 2009).  
 
In order to achieve a successful level of microbial inactivation, an immobilised 
photosensitiser has to be in close contact with bacterial cells because of the short-
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life of 
1
O2* in water (3-4 µs) (Rengifo-Herrera et al., 2007). This can be achieved 
by immobilising the sensitiser in a matrix which promotes interaction with the 
bacteria. PDI performed with immobilised sensitiser relies on the diffusion of 
singlet oxygen from the inside of the support to the peripheral area where 
bacterial cells must be located. It is important to note, however, that singlet 
oxygen can diffuse only through short distances ~0.2 µm (Kuznetsova et al., 
2011). In this way, PDI has so far reduced bacterial numbers in water, though 
more robust heterogeneous sensitiser/solid support systems need to be developed 
(Kuznetsova et al., 2011; Bonnett et al., 2006).  
 
1.2.1 Reactors, light sources and measurement  
 
As in photocatalysis, examples of reactor systems used in photodynamic 
inactivation studies are also divided into homogeneous (sensitiser in solution) and 
heterogeneous systems (sensitiser in solid carrier). Pyrex
®
 glass with Pyrex lids 
irradiated by natural sunlight has been used into homogeneous PDI studies 
(Cooper and Goswami, 2002). Other homogeneous reactions with modified 
porphyrins in the inactivation of Bacillus spp. have used a fibre optic probe 
coupled with a halogen lamp with emission between 400-800 nm and measured 
irradiance (1690 W/m
2
) obtained with radiometric measurement (Oliveira et al., 
2009).  
 
Three PDI reactor systems for homogeneous solution of methylene blue used by 
de Paula et al., (2010) are depicted Figure 1.9. The reactor used different lamps 
and a homogeneous solution of methylene blue. In the case of device (a) the 
equipment PHLS-halogen lamp and a metal carcass with lamp and cooler (1) was 
used with a magnifying glass (2), a glass box (3) and optical filter (4). In reactor 
(b) the LED600-LED had an arrangement of high brightness LED (1), a 
translucent mobile support for sample setting (2), a height groove (3) and a 
support setting (4). And in reactor (c) an AMS-II equipment-high intensity LED 
device made of an arrangement of high power LED (1) was used with a heat 
processor dissipater (2) and a groove for support setting for the insertion of the 
sample (3). 
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   (a)   (b)    (c) 
Figure 1.9 – PDI reactor systems for homogeneous solution of methylene blue: a 
PHLS-halogen lamp (a), a LED600-LED (b) and an AMS-II equipment-high 
intensity LED device (c) (de Paula et al., 2010). 
 
An alternative PDI system is illustrated in Figure 1.10. It consists of a 
heterogeneous reaction with circulating photoreactor system coupled with a 
chitosan membrane impregnated with either a modified porphyrin or 
phthalocyanine. The irradiation was provided by halogen lamp (Bonnett et al., 
2006). 
 
Figure 1.10 – Circulating water photoreactor system for the determination of 
photomicrobicidal activity under water flow conditions. a—reinforced membrane 
under study; b—water jacket, continuous flow, infra-red filter; c—light source; 
d—air pump; e—bacterial air filter; f—3-way tap/pressure release; g—2-way 
taps; h—frit for aeration; j—peristaltic pump; k—reservoir; l—ground glass 
joints, for ease of cleaning and sterilization. 
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In PDI studies radiation sources include lasers (coherent) and lamps and light 
emitting diodes (non–coherent). Lasers which are non-coherent light sources 
allow the light delivering through a fibre optics fibre to the site where PDI effect 
is desired. Examples of lasers are helium neon-lasers and the semiconductor diode 
lasers (LEDs) (Calin and Parasca, 2009). The fluence-rate used to calculate the 
“dose” produced by the light sources used in PDI studies is routinely acquired by 
radiometric measurement (Cooper and Goswami, 2002). 
 
Light-emitting diodes (LEDs) are solid-state sources consisting of a semi-
conducting crystal which covert electrical energy into radiant flux. Common 
LEDs are gallium arsenide and silicon carbide. With appropriate mixing of these 
components the λmax can be shifted between 540 nm and 900 nm. LEDs are 
usually operated at very low voltage and they normally produce very narrow 
spectral emission bands (Grum and Becherer, 1979). Some advantages of LED 
systems are high physical resistance, long lifetime (~100,000 h), low heat 
emission and low cost per unit of power when compared to laser diode systems 
(de Paula et al., 2010). 
 
 
1.3 Microbes in the environment 
 
In the natural environment, microorganisms are found in planktonic (free-
swimming) forms, aggregated in clumps (Logan and Hunt, 1987) or anchored in 
biofilms (Flemming and Wingender, 2010; Rehm, 2008). The suspended portion 
of microorganisms in a water sample, which is not found attached to either each 
other or to particles, is the free-swimming or planktonic population, whereas the 
part which is attached to a surface is the so-called “sessile” population (Meltzer, 
1997). 
  
Despite the acknowledged significance of aggregated microorganisms in the 
natural environment, practice in the laboratory generally involves cultures of 
planktonic microorganisms as models  (Schleheck et al., 2009). Standard 
microbiological practice includes inoculating a pure culture in a defined medium 
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until it reaches the exponential phase of growth, generally monitored by turbidity 
(Lengeler, Drews and Schlegel, 1999). The inoculum is resuspended in water or in 
a nutritious medium until it develops to a certain number of cells ; then it is used to 
the purposes of the research. Much of the current knowledge of microbial 
physiology is based on laboratorial studies of planktonic cells (Stoodley et al., 
2002). Central to the entire discipline of the microbial way of life, however, is the 
now well accepted concept that microorganisms rarely, or even not at all, live as 
pure cultures of dispersed single cells (Flemming and Wingender, 2010; Costerton 
et al., 1978). Instead, microbial cells are believed to grow preferentially in 
communities associated in biofilms anchored to surfaces or in free-floating 
aggregates, while planktonic cells have been suggested as a microbial mechanism 
of dispersion in the environment (Stoodley et al., 2002). 
 
Cell aggregation is a widespread phenomenon in the microbial world (Burdman et 
al., 1998). For example, ecological associations of single or multiple prokaryotic 
species are often observed as symbiotic, parasitic, commensalism and neutralism 
systems (Lengeler, Drews and Schlegel, 1999). In the case of cell aggregation the 
definition has been given by Calleja in 1984 as “the gathering of cells to form 
fairly stable, contiguous, multicellular association, occurring under certain 
physiological conditions” (Calleja, 1984). Aggregated cells are also referred to 
with terminologies such as ﬁlm, ﬂoc, pellet, pellicle, cluster, slim and for instance 
granule (Yu and Joo-Hwa, 2002). Floc-forming bacteria are indigenous to natural 
waters. The flocculant growth habit of organisms is exploited in biological waste 
treatment processes (Friedman et al., 1969), or in the production of inoculants for 
agriculture (Burdman et al., 2000). Another example of the use of flocculant habit 
is found in industrial fermentation processes, where it facilitates the removal of 
yeast biomass from the final product (Logan and Hunt, 1987).  
 
Aggregation is a vital aspect related to microbial sensitivity to disinfection 
(Behnke et al., 2011; Bohrerova and Linden, 2006b; Hijnen et al., 2006) and this 
is due to the presence of EPS (extracellular polymeric substances), which endows 
aggregated microbial cells with a higher resistance against disinfectants (Behnke  
et al., 2011) and antibiotics (Nichols et al., 1989). Autoaggregation or aggregation 
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of microorganisms to particles has also been shown to decrease inactivation by 
UV (Hijnen, Beerdonk and Medema 2006).  
 
EPS is a polymer “self-generated” (Schleheck et al., 2009) by microbial species 
including archae, bacteria and eukaryotes (Flemming et al., 2007). EPS is a 
protective layer of substances which often found surrounding bacterial cells 
(Lengeler, Drews and Schlegel, 1999). EPS is divided in bound-EPS or capsule 
(macrocapsules and microcapsules) and free-EPS or slime (Wingender, Neu and 
Flemming, 1999). The bound-EPS is tightly connected to the cell surface by 
covalent links, but most often by ionic bonding (Lengeler, Drews and Schlegel, 
1999). Conversely, the free EPS is not directly attached to the cell surface. 
Besides, as opposite to bound-EPS, the free-EPS can be removed from cells by a 
centrifugation step (Eboigbodin and Biggs, 2008; Wingender, Neu and Flemming, 
1999). 
 
The EPS composition includes carbohydrates, proteins and nucleic acids (Scott et 
al., 2005; Liao et al., 2001). Sheng et al., (2010) has defined EPS from 
wastewater treatment systems as a “complex high-molecular weight mixture of 
polymers”. Examples of two relevant polysaccharides present in EPS are alginate 
and cellulose. Alginate was found to be the most abundant EPS component of 
Pseudomonas aeruginosa, for instance (Donlan, 2002). Cellulose, which has an 
important role in aggregation, participates in EPS composition of various bacteria, 
algae and amoeba (Flemming et al., 2007). EPS composition varies according to 
factors such as growth conditions and species composition (Steinberger and 
Holden, 2005).  
 
The superior resistance of biofilms and, by extension, of aggregated microbial 
cells, (Alhede et al., 2011) compared to planktonic cells, is well discussed in the 
literature (Mantareva et al., 2011; Flemming, 2009). The EPS matrix can offer full 
or partial protection against desiccation, oxidizing or charged biocides, antibiotics, 
metallic cations, ultraviolet radiation, protozoan grazers and host immune 
defences (Flemming and Wingender, 2010). EPS acts as an efficient barrier and 
protects a high percentage of cells from bactericidal effects of conventional 
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chemotherapy; besides the EPS matrix undergoes little or no destruction 
(Flemming and Wingender, 2010). As a consequence, the remaining EPS matrix 
allows for further colonization (Wainwright et al., 2002). 
 
Biofilms are an attached form of aggregated microbial cells. They are the oldest  
and most successful way of bacterial life on earth (Flemming and Wingender, 
2010). The observation of pure and mixed bacteria biofilms showed that cells 
grow enclosed in a matrix (the EPS), forming micro-colonies interconnected by 
water-channels (Stoodley et al., 2002). They colonize surfaces exposed to water in 
industry and inert surfaces of medical implants where they may cause 
fouling/corrosion and infection, respectively (Nichols et al. , 1989). EPS and 
biofilm attachment constitute a severe problem especially in healthcare systems 
where contamination of implants, catheters or bones results in long-term 
infections with complex eradication measures (Flemming, 2009).  
 
Bridier et al., (2011) explains that biofilms are resistant to disinfectants currently 
in use and that therefore, new methods to control them need to emerge. One 
strategy they indicated as being efficient in eliminating surface contamination by 
biofilms is the application of combined chemical, natural and physical treatments. 
The authors mentioned, for example use of Cu
2+
 ions, quaternary ammonium 
compounds, eucalyptus oil and chlorhexidine, silver and surfactant, or 
bacteriophage and alkaline cleaner were able to act synergically to eradicate 
biofilms. Alternatively, UV disinfection in association with chlorine dioxine was 
also shown to be efficient (Bridier et al., 2011). 
 
In situ eradication of biofilms by photodisinfection is receiving growing attention. 
Street and Gibbs (2010) has defended the application of photodynamic 
inactivation of Desulfovibrio vulgaris and Desulfovibrio desulfuricans microbial 
species which cause corrosion in pipelines. The method consists of applying a 
photosensitiser and visible light to promote the generation of singlet oxygen and 
secondary reactive oxygen species. They claimed that developments in this 
technology may improve in situ inactivation and removal of biofilms (Street and 
Gibbs, 2010). Endeavour to use photodisinfection; this time with UV-C radiation, 
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in order to sterilize urinary catheters has also been recently undertaken (Bak et al., 
2010).  
 
Besides the focused attention that the disinfection of biofilms and planktonic cells 
has received from the literature, free-floating aggregates are under-studied 
(Armbruster et al., 2012; Behnke et al., 2011). Favourably to using aggregated 
cells as a model Schleheck et al., (2009) proposed that investigations with 
“suspended biofilms” could “help to address some important contemporary 
questions about formation, maturation and dispersion of attached biofilms”. The 
authors demonstrated that P. aeruginosa PAO1 in batch cultures was dispersed in 
form of ‘suspended biofilms’ instead of free-swimming forms. They also noted 
that aggregated forms had similar behaviour and responses compared to surface 
associated biofilms. Their study highlighted that aggregates could be a valid 
model to address mechanisms and factors enrolle d in the formation, maturation or 
dispersal of surface attached biofilms (Schleheck et al., 2009). As aggregated cells  
share physiological conditions to anchored biofilms (Henriques and Love, 2007), 
the study of their disinfection may contribute to the understanding of  the 
resilience associated with microbial communities colonizing engineered 
environments in biofilm form.  
 
As well as that, aggregated cells may be a robust model with which to study the 
inactivation of detached biofilm clusters. The detachment of clusters is one of the 
strategies biofilms use to disperse. It occurs by the sloughing of clusters of cells 
(aggregates) and their envelopes or by the releasing of planktonic forms 
(Schleheck et al., 2009; Costerton, 2007; Henriques and Love, 2007; Costerton et 
al., 1999). The detachment of the biofilms’ clusters, which occurs intermittently 
by shedding parts of the biofilm structure in the contacting water, compromises 
the microbial integrity of the liquid (Costerton, 2007; Costerton et al., 1999). 
Moreover, even a small number of microorganisms may prove pathogenic to 
susceptible individuals (Meltzer, 1997). A cluster of biofilm which falls into the 
potable water stream can hold up to ~1.6x10
3 
cells (Stoodley et al., 2001). 
Considering that the minimum infectious dose depends on the host (age and 
health) and pathogen (Gadgil, 1998), ingestion of a number as low as ten cells 
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may cause waterborne disease (FDA, 2006). In this context, as indicated by 
Stoodley et al., (2001) the ingestion of one cluster of biofilm may offer a high risk 
of infectivity (Stoodley et al., 2001). 
 
Detailed examination of the contamination of public water distribution was 
carried out by LeChevallier, Babcock and Lee (1987). Their studies led to the 
conclusion that the water was contaminated by intermittent release of coliforms 
from biofilms inhabiting the inner surfaces of pipes. Biofilms are not only 
restricted to public water distribution systems, they are also ubiquitous to 
industrial distribution systems (Murthy and Venkatesan, 2009). In their editorial 
article, Riedewald and Sexton (U.S. Pharmacopeia, 2000) explained that the 
growth of biofilms occurs even under limited nutrient conditions of compendia l 
waters. The authors argued that as long as water was available and there was a 
surface to attach to, intrusive free-swimming cells may develop into biofilms and 
colonize the water distribution systems. Interestingly, the role of detached cellular 
clusters in infecting water streams and the relevance of free-floating aggregates in 
this context remains poorly understood (Stoodley et al., 2001). 
 
Water systems in industry require high levels of purity. For instance, an alert for 
action concerning the quality of the industrial unit takes place when bacterial 
numbers exceed 500 cfu/ml in drinking water, 100 cfu/ml in purified water and 10 
cfu/100 ml in water for injection. In industrial settings, the presence of biofilms is 
constantly monitored by evaluating the presence of free-swimming bacteria in a 
sample of flowing water. The detection of an increased level of planktonic 
microorganisms indicates advances in the biofilm growth. In this case, 
remediation actions to decrease biofilm infestation are taken (U.S. Pharmacopeia, 
2000). 
 
Many of the contaminants associated with biofilms in water distribution systems 
are Gram-negative rods, in particular Pseudomonads (Meltzer, 1997). 
Pseudomonads are ubiquitous inhabitants of the most diverse environments. Some 
are pathogenic for humans, animals or plants (Bergey and Holt, 1994). 
Pseudomonas aeruginosa is the most important species. It is often associated with 
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infections of humans and mammals (Kiil et al., 2008). P. aeruginosa is used as an 
indicator of the quality of recreational waters and its presence is normally 
associated with dermatitis and ear infection (APHA, AWWA and WPCF, 1998). 
P. aeruginosa is an opportunistic pathogen and it is noted for its antibiotic 
resistance (Pipes, 1982). The bacterium has also been reported to have superior 
resistance to oxidative stress, disinfectants, and more importantly antibiotics, as 
well (Nichols et al., 1989). Recently, in an Ulster hospital, close to Belfast, three 
new borne infants died from an infection caused by Pseudomonas aeruginosa. 
The microbiological assessment linked the outbreak to contaminated tap water 
from the outlet in the neo-natal intensive care unit of the hospital (BBC-UK, 
2012). P. putida is another key species and model bacterium. Unlike P. 
aeruginosa, P. putida is a non-pathogenic organism. P. putida has been isolated 
from most diverse environments, such as polluted soil, water and the rhizosphere 
(Kiil et al., 2008). As distinct from P. aeruginosa and P. fluorescens, 
Pseudomonas putida cannot liquefy gelatine, nor produce phenazine pigments, to 
denitrify, to give an egg yolk reaction, and to grow at 41
o
C (Bergey and Holt, 
1994).  
 
Kiil et al., (2008) explained that among P. putida species, the strain KT2440, 
ubiquitous to soils, is a reference species for diverse biotechnological 
applications, such as bioremediation or bio-pesticides. Another environmental 
isolate is the strain P. putida CP1. This bacterium has been extensively studied in 
this research laboratory for the purpose of bioremediation (Fakhruddin and Quilty, 
2007; Fakhruddin and Quilty, 2006; Fakhruddin and Quilty, 2005; Farrell and 
Quilty, 2002b; Farrell and Quilty, 2002a). The organism forms clumps of 
aggregated cells, visible to the naked eye, under certain environmental conditions 
(Farrell and Quilty, 2002a). 
 
Found in very high numbers in all mammalian faeces, E. coli remains as a useful 
indicator of faecal contamination in drinking waters (Edberg et al., 2000). In 
Ireland, E. coli is a central health indicator of drinking water qua lity. The presence 
of E. coli in treated drinking waters indicates either a failure of the treatment 
process, or that contamination has entered the water distribution system after 
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treatment (Environmental Protection Agency, 2010). The detection of E. coli in 
public waters is considered a threat to public health and further examination for 
the presence of pathogens should be carried out. Although most strains of E. coli 
are not regarded as pathogens, they can be opportunistic pathogens which cause 
infections in immunocompromised hosts. There are also pathogenic strains of E. 
coli that once ingested, cause gastrointestinal illness in healthy humans (Feng, 
Weagant and Grant, 2011).  
 
Despite some controversies and disagreements about the reliability of indicator 
organisms (Sadowsky and Whitman, 2011) , the “coliform indicator concept” 
remains an acceptable and useful tool for assessing the quality of drinking waters 
(Kay, Fricker and Royal Society of Chemistry, 1997). Within the coliform 
concept, samples of water are tested for the presence of indicator microorganisms. 
In this context E. coli remains as the most important indicator of faecal 
contamination (APHA, AWWA and WPCF, 1998). Pathogens associated with 
drinking water include bacterial species, enteric viruses and protozoan cysts 
(Hrudey et al., 2003). Pathogens are usually present in water samples in low 
numbers and their detection may require examination of several litres of water. 
Pathogens may also die off very quickly thus requiring repeated analysis (Gleeson 
and Gray, 1997). Therefore, the isolation and cultivation of specific waterborne 
pathogens have often proven to be complicated and time-consuming. For these 
reasons, the detection of indicator organisms is found to be adequate in evaluating 
the quality of drinking waters (Hurst and Crawford, 2007; Hrudey et al., 2003).  
 
 
1.3.1 Production of safe water 
 
Since ancient times, the need to protect the quality of water sources intended for 
human consumption is a well-known issue. But it was much later, in the 19
th
 
century, that microbiologists linked causes of human diseases to contamination of 
drinking water supplies by sewage (Gleeson and Gray, 1997). Fortunately, 
disinfectant residuals added to potable waters since the beginning of that century 
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greatly improved public health by decreasing waterborne diseases (Stewart and 
Olson, 1996). 
 
Disinfection is defined as an agent or process which kills living opportunist or 
pathogenic organisms. Non-pathogenic organisms are therefore not necessarily 
killed by disinfection process. Disinfection is required to act in a relatively short 
period of time (e.g. 10 minutes). The application of disinfection is restricted to 
inanimate objects (Meltzer, 1997), such as water, surfaces or medical devices. 
 
In order to comply with microbiological quality standards, potable waters do not 
need to be sterilized. Alternatively, microorganisms are removed or inactivated to 
a safe threshold that is achievable through disinfection. In a water treatment plant, 
firstly the water is screened to remove gross solids, and secondly it is conveyed 
into the plant. Thirdly it is stored and it receives a primary phase of treatment. 
This generally includes coagulation, flocculation, sedimentation and rapid sand 
filtration. These steps work to remove a great percentage of microorganisms. 
Finally, the last step is the disinfection unit which should guarantee that up to 
99.9% of the microorganisms is removed before water delivery to final 
consumers. The most often applied methods for disinfection of drinking waters 
are chlorination, ozonation and UV disinfection (Gray, 2005).  
 
Chemical disinfection ensures microbiologically wholesome water. Nonetheless it 
presents obstacles. For instance, residuals of chlorination and ozonation may 
combine with dissolved organic matter and generate disinfection by-products 
(DBPs) (Richardson et al., 2000) such as trihalomethanes and bromate. In the 
European legislation parametric values of 100 µg/L (trihalomethanes) and 10 
µg/L (bromate) are set for drinking waters. Therefore, in order to respect the  
allowed low levels of DBPs in drinking waters, a compromise between 
disinfectant levels and DBPs has to be made for ensuring quality of tap water 
reaching final consumers. In other words, any threats to human health by either 
microbiological contamination or DBPs residual should be avoided 
(Environmental Protection Agency, 2009; Gray, 2005). 
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To aggravate this problem, pathogens’ resistance is found within the safe 
threshold of chemical disinfectants to avoid generation of DBPs (Shannon et al., 
2008). Besides the downsides of DBPs generation, chlorination may also cause a 
final odour and taste in treated waters (Turgeon et al., 2004). Other 
inconveniences of chlorination are: chlorine and residuals manufacture, storage 
and transportation as they may offer a continuous threat to operators and the 
environment (APHA, AWWA and WPCF, 1998). Ozone is a more powerful 
oxidizing agent, however it does not has a residual effect (Gray, 2005; Wolfe, 
1990) and it has to be produced in situ, at high cost with high electrical energy 
input (Environmental Protection Agency, 1998).  
 
An alternative to chemical disinfection is photodisinfection. These photochemical 
processes such as UV and photocatalysis have been successfully employed in 
industrial and pilot scale water treatment (Oppenländer, 2003). These processes 
are acknowledged for the benefits of  treating water for human consumption and 
pollutant destruction, respectively. The high energy needed to drive UV lamps 
(Environmental Protection Agency, 1998) and the effect of mutagenicity and 
selection of drug resistant microbial strains (Magaraggia et al., 2011; 
Environmental Protection Agency, 1998) are serious constraints of these methods. 
An alternative that is less likely to result in these effects is photodynamic 
inactivation with singlet oxygen (Magaraggia et al., 2011). 
 
1.4 Effects of photodisinfection on microbial cells 
 
UV disinfection is credited as a reliable technology to promote desired levels of 
inactivation of pathogens in drinking waters; which is 99.99% of bacteria and 
viruses and 99.9% of protozoa (Hijnen and Medema, 2010; Masschelein and Rice, 
2002; Lingireddy, 2002). Ultraviolet disinfection is the most utilised alternative 
method of disinfection to chemical disinfectants (Hofmann et al. , 2004). The 
process is effective against bacteria and bacterial spores, Cryptosporidium spp. 
and Giardia spp. protozoan cysts (Hijnen et al., 2006; USEPA, 2006; Cotton and 
Passantino, 2005) and viruses including Poliovirus 1, Coliphage, Hepatite A virus, 
and Rotavirus SA 11 (Wolfe, 1990). Not all microbial species are susceptible to 
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UV disinfection. Adenoviruses, for instance, are highly resistant to UV and UV 
combined methods (Shannon et al., 2008). 
  
All cells are rich in UV absorbing molecules such as DNA and protein. Therefore 
all living cells are vulnerable to the effects of UV radiation. Absorption of 
ultraviolet radiation may cause genotoxic and cytotoxic effects. Even one single 
UV photon hit may cause a carcinogenic or lethal effect in living organisms, 
ranging from bacteria to plants and animals (Sinha and Hader, 2002). Many 
organic compounds are unsaturated or composed of conjugated bonds. As a 
natural feature, they are highly absorbent of UV-C wavelengths between 200-280 
nm (Cutler and Zimmerman, 2011). In the case of conjugated bonds, an electron 
pair, with opposite spins of equal energy each, is present and it is shared by the 
whole molecule (Cutler and Zimmerman, 2011), in a phenomenon so-called 
resonance. When an UV-C photon hits one electron of the pair, its level of energy 
is raised and it destabilises the entire molecule. As a consequence conformational 
changes may occur (Jagger, 1967). Table 1.1 shows examples of damage caused 
by the UV-A, UV-B and UV-C inactivation of microorganisms. 
  
Table 1.1 – Effects of ultraviolet radiation in living systems. 
Ultraviolet 
region 
Damage caused to cells (prokaryotic and eukaryotic cells) 
UV-A Not absorbed directly by DNA. 
Causes photosensitising reactions with DNA sub-products and 
subsequently secondary damage to DNA by generation of 
reactive oxygen species and singlet oxygen (Sinha and Hader, 
2002). 
UV-B It is absorbed by cellular DNA causing minor adverse effects 
to living systems (Sinha and Hader, 2002). Causes sun-burn 
and synthesis of D vitamin (Goodsell, 2001). 
UV-C Directly absorbed by DNA. Causes lesions to DNA strands, 
mutagenic, carcinogenic and lethal effects (Sinha and Hader, 
2002).  
 
The two major lesions of DNA caused by UV photons absorption are 
cyclobutane-pyrimidine dimers and 6-4-photoproducts. If this damage goes 
unrepaired it may interfere with DNA transcription and replication, leading to 
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misreading of the genetic code which can cause mutations, and ultimately cell 
death (Sinha and Hader, 2002). 
 
While UV disinfection is highly efficient against microorganisms, the method is 
costly as high energy usage is needed to drive UV lamps (Dalrymple et al., 2010). 
Alternatively, photocatalysis may be driven by solar renewable energy and 
therefore is more sustainable than UV disinfection. The method has shown 
promising applications in the treatment of water contaminated with toxic 
compounds and biological contaminants using solar collectors (Blanco et al., 
2009). Although solar collectors are not yet in widespread usage, their relevance 
in developing areas of the globe, with no straightforward access to electricity and 
with abundant solar irradiation, has been demonstrated as pointed out in recent 
reviews of Gamage and Zhang (2010), Dalrymple et al., (2010) and Malato et al., 
(2009). 
1.4.1 Mechanism of photocatalytic disinfection 
 
The first report in photocatalytic inactivation of bacteria was made by Matsunaga, 
et al., (1985). The authors tested the sterilization properties of the titanium 
catalyst to disinfect Lactobacillus acidophilus, Saccharomyces cerevisiae, 
Escherichia coli and Chlorella vulgaris. The killing mechanism was fully 
effective after two hours of irradiation with a halide lamp. Photo-oxidation of 
sulfhydryl groups of intracellular Coenzyme A were found to have caused a 
disorder in the respiratory chain regulation and subsequently cell death 
(Matsunaga et al., 1985).  
 
Saito et al., (1992) reported partial destruction of the cell wall of streptococci after 
60 minutes of photocatalysis and total disruption of the cell after 120 minutes of 
treatment. In addition, they reported rapid leakage of potassium and slow release 
of proteins and RNA. With their findings they proposed that the mode of 
bactericidal action of TiO2 photocatalysis included disarranging the cell 
permeability and destruction of the cell wall.  
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Microorganisms with the thickest and densest cell walls are expected to be more 
resistant to attack of 
•
OH radicals produced during the photocatalytic process. For 
example, E. coli strain DH5 was reported to be less resistant than P. aeruginosa, 
A. polyphaga (trophozoite), C. Albicans (yeast), F. solani (fungus), B. subtilis 
(spore) and A. polyphaga (cyst) (Lonnen et al., 2005). An example of the damage 
caused to E. coli by photocatalytic treatment is shown in Figure 1.11.  
 
(a) (b) 
Figure 1.11 – Scanning electron microscopy of E. coli cells prior (a) and 
following (b) photocatalytic process treatment with PdO/TiON films.  
 
Following this, Maness, et al., (1999) reported that photocatalytic bactericidal 
activity was a result of lipid peroxidation, which occurred simultaneously with 
losses in membrane respiratory activity and cell viability (Maness et al., 1999). In 
another study Huang, et al., (2000) showed, by using a substrate probe to β–D-
galactosidase, that photocatalytic treatment caused immediate increases in 
permeability of the substrate for the enzyme, and leakage of the enzyme after 20  
minutes. In that study, the mechanism of cell disruption was proposed as 
sequential events which started with cell wall damage, followed by damage of the 
cytoplasmatic membrane which then allowed for intracellular injure (Huang et al., 
2000). This conclusion was reinforced by Sunada, Watanabe and Hashimoto 
(2003) who demonstrated that photocatalytic damage in bacteria followed a two-
step process. The first was the disordering of the outer membrane of E. coli 
following illumination on TiO2 films, which allowed penetration of ROS through 
the peptidoglycan and to the inner membrane. The second was the disordering of 
the cytoplasmatic membrane. In support to those studies, Kiwi and Nadtochenko 
(2005) have found that during photocatalytic inactivation peptidoglycan was the 
most resistant component of the cell wall, when compared to phospholipids and 
lipopolysaccharides (LPS).  
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Cho et al., (2004) have reported quantitatively for the first time that concentration 
of 
•
OH radicals and the inactivation of E. coli were linearly correlated. The 
steady-state concentrations of 
•
OH radicals in UV-illuminated TiO2 suspensions 
could be quantiﬁed from the measured photocatalytic degradation rates of p-
chlorobenzoic acid (a probe compound). The results also indicated that the 
•
OH 
radical is the primary oxidant species responsible for inactivating E. coli. 
Moreover, the calculated CT value for the hydroxyl radical with the delayed 
Chick-Watson model was approximately 1,000 to 10,000 times as effective as 
other chemical disinfectants, such as chlorine, chlorine dioxide and ozone (Cho et 
al., 2004).  
 
Hydroxyl radicals are encountered in bulky-phase and on the surface of photo-
excitated titanium dioxide (Min et al., 2005). Surface-bound and bulky 
•
OH 
radicals were acknowledged as major contributing factors for the inactivation of 
E. coli, but only bulky 
•
OH participated in the inactivation of MS-2 Phage 
inactivation. That study concluded that differences in the cell structure and size of 
the two organisms were plausible explanations to the diverse photocatalytic 
inactivation behaviour. In addition, reactive oxygen species O2
•-
(super anion) and 
H2O2 (hydrogen peroxide) were found to participate of the inactivation of E. coli, 
however to a lesser extent than 
•
OH radicals (Min et al., 2005).  
 
The role of adsorption in bacterial inactivation by TiO2 photocatalysis was 
determined in a study from Gogniat, et al., (2006). They proposed that 
•
OH has an 
extremely short life to allow it to travel long distances in order to reach targets on 
the bacterial cells. Therefore, the mechanism of kill was closely linked to the 
adsorption of bacterial cells to catalyst surface, where the generation of 
•
OH was 
taking place. In their findings, it has been demonstrated adsorption of bacterial 
cells depends upon aqueous media composition. While in NaCl-KCl medium cells 
immediately attached to the catalyst and lost their membrane integrity; in sodium 
phosphate solution both attachment and loss of membrane integrity were delayed 
(Gogniat et al., 2006). 
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The major interaction between nanoparticles and microbial cells has been 
suggested as a particle-microbe interaction whereas the intracellular intrusion of 
nanoparticles has a lesser participation (Hessler et al., 2012). It is unknown the 
predominant way nanoparticles get access into the intracellular environment. It 
may be either via membrane damage followed by penetration of the nanoparticles 
or via mechanical transport of the nanoparticles into the cell (Hessler et al. , 2012; 
Huang et al., 2000). 
 
The response of free-swimming bacteria in aqueous media to photocatalytic 
inactivation is well documented (Alrousan et al., 2009; Guillard et al., 2008; 
Mccullagh et al., 2007). Fewer investigations have been carried out regarding the 
response of biofilms (Liu et al., 2007; Raulio et al., 2006). Interestingly, no 
studies to date have examined the response of aggregated cells, or the role of EPS 
in this context. 
 
1.4.2 Dark repair in UV and photocatalytic disinfection 
 
Remarkably, microbes are endowed with the capacity to recovery DNA damage 
by two processes: dark repair and photo-repair following UV treatment. 
Photorepair occurs when UV photolysed cells are post-irradiate with visible light 
sources (λ=380 nm and λ=440 nm) which activate the repair enzyme photolyase 
(Sinha and Hader, 2002). Photorepair plays an important role in wastewater 
disinfection, where the water is potentially exposed to sunlight after UV treatment 
(Zimmer and Slawson, 2002). Although in drinking waters photorepair may not 
show as significant as dark repair, its occurrence cannot be ruled out (Bohrerova 
and Linden, 2007). Factors such as post irradiation conditions (dose, wavelengths, 
etc.), organism origin (lab or environmental), temperature (Shang et al., 2009) , 
nutrient availability (Shang et al. , 2009; Bohrerova and Linden, 2007; Sanz et al., 
2007; Zimmer and Slawson, 2002; Chan and Killick, 1995)  and time between 
exposure and repair (Hijnen and Medema, 2010) affect organism regrowth (M. 
Guo et al., 2009). 
 
  
39 
 
Guo et al., (2009) verified photo-reactivation of pure cultures of E. coli (CGMCC 
1.3373) and total coliforms in wastewater after UV barrier with low and medium-
pressure mercury lamps. Both lamps allowed photo-reactivation occurrence, 
however higher UV doses (reaching 40 mJ/cm
2
) inhibited the recovery. In that 
study efficiencies of low-pressure and medium-pressure lamps were not 
significantly different. They also found that total coliforms were inactivated to a 
lesser extent than E. coli cultures in lab conditions and easily photo-reactivated in 
real wastewaters (M. Guo et al., 2009). Hence, the authors warn of a possible 
underestimation of safety risks associated with the application of UV protocols 
used to inactivate pure cultures used in lab conditions so as to inactivate total 
coliforms in wastewaters. Experimental UV doses to inactivate lab strains and 
prevent their repair are often not sufficient to prevent repair in environmental 
strains (M. Guo et al., 2009). In another study, this time with a non-pathogenic 
laboratory strain of E. coli, photo-reactivation was significantly higher after LP 
mercury lamps, for the same applied fluence with MP lamps. Differences in the 
inactivation response were attributed to a larger inhibition of repair mechanisms 
(proteins and RNA) by the broader emission spectra of MP mercury lamps 
(Zimmer and Slawson, 2002). 
 
The second mechanism of bacterial repair is dark repair.  The mechanisms of dark 
repair are more complex than photo-repair. It includes the base excision repair and 
the nucleotide excision repair (Sinha and Hader, 2002). Dark repair in water 
distribution systems is a cause of concern as treated drinking water can be 
subjected to longer incubation times before reaching the final consumers. During 
this time dark repair may occur (Zimmer and Slawson, 2002). 
 
Repair of bacteria ought not to be overlooked even at low percentage. For 
instance, a repair of 1% from a number of 10
6
cell/ml represents a final 
concentration of 10
4 
cell/ml (Sanz et al., 2007). If during UV or photodisinfectant 
treatment the dose applied allows bacteria to retain repair capability this may 
cause further problems. Taking this into account, the present work has studied the 
occurrence of dark repair during overnight incubation of E. coli and P. putida CP1 
after undergoing photodis infection treatment. 
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Dark repair has been investigated during photocatalytic studies too (Robertson et 
al., 2005; Rincón and Pulgarin, 2004a). The effective disinfection time (EDT), 
defined as the time to achieve total inactivation without subsequent regrowth in a 
period of 48 hours of incubation in the dark, ought to be determined in order to 
avoid microbial regrowth and contamination of the potable water which has been 
treated by photocatalytic process (Rincón and Pulgarin, 2004a). These authors 
have observed that the dynamics of bacterial survival in the presence and absence 
of photocatalysts are different. They observed that E. coli, for instance, continued 
to decay after irradiation, while in the absence of a photocatalyst, E. coli 
population was able to regrow.  
 
1.4.3 Mechanism of photodynamic inactivation 
 
As mentioned before, photodynamic inactivation relies on the action of reactive 
oxygen species (ROS) and singlet oxygen 
1
O2* which are generated through 
reactions Type I and Type II, respectively. The singlet oxygen 
1
O2* is a very 
oxidising excited form of molecular oxygen, significantly more electrophilic, 
reacting rapidly with unsaturated carbon-carbon bonds, neutral nucleophiles such 
as sulphides and amines, and as well as with anions (Derosa and Crutchley, 2002). 
Inactivation of microbial cells by occurs by 
1
O2* and ROS in a series of hit-events 
which have as examples lipid peroxidation causing loss of membrane integrity, 
inactivation of enzymes via protein cross-linking and even mutagenic effects due 
to DNA alteration (Phoenix et al 2003). The 
1
O2* and ROS are cytotoxic species 
which cause lipid peroxidation and may lead to increased ion permeability and 
Na
+
 and K
+
 leakage (Wainwright 1998). Singlet oxygen denatures antioxidant 
enzymes such as superperoxide dismutase, peroxidase and catalase (Wainwright 
et al., 2002). In fact, 
1
O2* produced in the presence of either Rose Bengal or 
methylene blue dyes has been shown to inactivate these enzymes (Wainwright et 
al., 2002; Kim et al., 2001). 
 
Unlike UV disinfection, photodynamic inactivation has a lower probability of 
inducing (Almeida et al., 2011) and selecting resistant mutant microbial strains 
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(Schastak et al., 2010). As damage caused by photoproducts of Type I and Type II 
reaction are relatively non-specific, emergence of bacterial resistance is less likely 
to develop following PDI treatment (Phoenix and Harris, 2003). The reason is a 
principle of multiple targeted action of singlet oxygen which damages different 
cell structures and interferes with several diverse metabolic routes (Almeida et al., 
2011). Perussi (2007) explains that microbial evolution is quicker than human 
evolution and in this way a small percentage of the bacterial population which are 
resistant to penicillin, for example, quickly it becomes the dominant population. 
However, as the photosensitiser action is based on the production of the singlet 
oxygen, there is no natural bacterial resistance to this reactive form of oxygen 
(Perussi, 2007).  
 
In general, it is accepted that polycationic sensitisers are active against Gram-
negative bacteria while both cationic and anionic sensitisers are active against 
Gram-positive varieties (Wainwright et al., 2002). Sensitisers diluted in 
suspension may bind to cell membranes allowing for effectively attack of cell 
constituents by singlet oxygen. Nevertheless, in drinking water applications 
microbial inactivation by singlet oxygen should not demand the presence of a 
sensitiser in its suspended form (homogeneous reaction) (Bonnett et al., 2006).  
 
Photodynamic inactivation of Gram-negative bacteria depends upon the ionic 
charge of the photosensitiser, whereas in the case of Gram-positive it is related 
essentially to singlet oxygen quantum yields (Ergaieg and Seux, 2009). The 
balance between hydrophobic and hydrophilic portions of a photosensitiser which 
is, in general, modulated by the number of functional charged groups in the its 
molecule may affect the kinetics of interaction with microbial cells. Thus, the 
large number of positive charges in tetra or octo-cationic porphyrins or 
phthalocyanines, for instance, ensures that these sensitisers are highly efficient 
against Gram-negative bacteria; probably as a consequence of binding of cationic 
charges to negative ly charged cells walls. Gram positive cells and yeasts, on the 
contrary, are preferentially bound to amphiphilic photosensitisers (Jori and 
Coppellotti, 2007).  
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The majority of studies concerning singlet oxygen destruction of aggregated 
bacterial forms, such as biofilms, have focused on the use of suspended 
photosensitiser (Street and Gibbs, 2010; Wainwright et al., 2002). Recent work 
with a polycationic chitosan-conjugated photosensitiser has been shown to be 
advantageous over homogeneous methylene blue and Rose Bengal. The 
polycationic polymer could adhere to the bacterial cells and to EPS which resulted 
in uptake and PI damage to the biofilm structure and, in addition the author 
observed a synergetic effect of the chitosan and Rose Bengal induced PDI 
(Shrestha and Kishen, 2012). 
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1.5 Aim and objectives of the project 
 
The majority of photodisinfectant studies to date have used E. coli as the model 
bacterium, because of its importance as an indicator of faecal pollution of water. 
In using this bacterium, planktonic cells have been studied. However, bacteria are 
often present in aqueous media in an aggregated form and few studies have 
investigated them in such a form. Pseudomonas putida CP1 has been 
characterised in our laboratory. The organism autoaggregates when grown on 
certain substrates (Farrell and Quilty, 2002a) and so is an excellent model 
organism for use in aggregation studies. By choosing P. putida CP1, it was 
possible to evaluate the response of a Gram-negative bacterium other than E. coli 
and also to determine the response of aggregated cells to photodisinfection. Three 
approaches to this process were investigated, including UV disinfection, 
photocatalysis and photodynamic inactivation. The aim of this study was to 
investigate the response of planktonic and aggregated forms of Gram negative 
bacteria to a range of photodisinfection methods in various aqueous media.  
 
The objectives of the study were: 
 
 To compare the response of planktonic cells of E. coli and Pseudomonas 
putida CP1 to UV-C and UV-AB disinfection and photocatalysis. 
 To study the response of aggregated cells of Pseudomonas putida CP1 to 
UV-C and UV-AB disinfection and photocatalysis. 
 To evaluate Rose Bengal in the photodynamic inactivation of both 
planktonic and aggregated forms of Pseudomonas putida CP1. 
 To investigate the role of aqueous media including Milli-Q/Distilled 
Water, phosphate buffered Saline, ¼ Strength Ringers solution, Minimal 
Medium and Tap water in all photodisinfection studies. 
 To explore both culturable and non-culturable approaches in determining 
the response of the bacterial cells to photodisinfection. 
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1.6 Outline of experimental design 
Table 1.2 – Experimental design of the present research. 
Photodisinfection 
Treatment 
Experimental 
Conditions 
Ultraviolet C 
disinfection 
Ultraviolet A/B  
disinfection 
Ultraviolet A/B +  
TiO2 (1 g/l) 
Photocatalysis 
Photodynamic inactivation 
with Rose Bengal 
(0-100 µg/ml) 
Free-
swimming 
cells of E. 
coli and P. 
putida CP1 
Aqueous 
Media 
Ringers, PBS, 
Minimal Medium, 
Milli-Q 
Ringers, PBS, 
Minimal Medium, 
Milli-Q, Tap water 
Ringers, PBS, 
Minimal Medium, 
distilled water 
Methods of 
Evaluation 
 Culturability: Drop-plate, Pour-plate 
 Viability: Live and Dead 
 Dark repair 
 Culturability: Turbidity 
Sections 3.1.1, 3.1.2 3.2.1 3.3.1 3.4.1 
Aggregated 
cells of 
P. putida 
CP1 
Aqueous 
Media 
Minimal Medium 
Methods of 
Evaluation 
 Culturability: Spread-plate 
 Dark repair 
 Viability: Live and Dead 
 Epifluorescence microscopy (EPS with 
fluorochromes) 
 Biochemical analysis of EPS 
 Phase-contrast microscopy 
 Culturability: Turbidity 
 Dark repair 
 Phase-contrast microscopy 
 Epifluorescence microscopy 
 Absorption studies  
Sections 3.1.3 3.2.2 3.3.2 3.4.2 
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2 Materials and Methods 
 
2.1 Materials 
 
2.1.1 Bacterial cultures 
 
The bacterial cultures used in this study were E. coli (DSMZ 498) and P. putida 
CP1. E. coli was obtained from the German culture collection (DSMZ) and P. 
putida CP1 was obtained from the laboratory culture collection.  
 
2.1.2 Maintenance of cultures 
 
For long term preservation, the bacteria were stored in 80% (v/v) glycerol (800 µl 
overnight culture and 200 µl glycerol) at -80
o
C. The strains were stored at 4
o
C on 
nutrient agar for short-term storage. The agar plates were kept for a maximum of 
three weeks and then subcultured.  
 
2.1.3 Source of chemicals  
 
Chemicals were obtained from a number of sources including Sigma-Aldrich, 
Reidel-de-Haen, BDH and Fluka analytical unless otherwise stated. All chemicals 
were at analytical grade.  
 
2.1.3.1 Titanium Dioxide  
 
Titanium dioxide, Degussa P25, sold under the trade mark AEROXIDE® P25 
(Evonik Industries, formerly the Degussa Corporation, Essen, Germany) was 
used. Degussa P25 had a mixture of anatase and rutile in the region of 70-90% 
anatase and it has an average particle diameter of 35–40 nm (anatase), 85–95 nm 
(rutile) and a specific surface area of 50 (±14) m
2
/g. 
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2.1.3.2 Rose Bengal  
 
Rose Bengal (grade/purity=95%) or 4,5,6,7-Tetrachloro-2′,4′,5′,7′-
tetraiodofluorescein disodium salt is a xanthene dye which is known also as Acid 
Red 94 or Bengal Rose B sodium salt (CAS Number: 632-69-9) was obtained 
from Sigma-Aldrich (Figure 2.1). The empirical formula of Rose Bengal 
is C20H2Cl4I4Na2O5 and the molecular weight 1017.64 g/mol. 
 
Figure 2.1 – Rose Bengal. 
 
2.1.4 Media 
 
 All media unless stated otherwise were obtained from O xoid and all media were 
sterilised by autoclaving at 121
o
C for 15 minutes. 
 
2.1.4.1 Pseudomonas Minimal Medium  
 
The ingredients of the minimal medium (Goulding et al. , 1988) were combined in 
distilled water and the pH was adjusted to 7.0 with 2 M NaOH. The trace salts 
solution was prepared separately in distilled water and was stored in a dark bottle 
for 6-8 weeks.  
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Minimal Medium 
 (g/l) 
K2HPO4 4.36 
NaH2PO4 3.45 
(NH4)SO4 1.26 
MgSO4.6.H2O 0.912 
pH 7.0 
Trace salt 1ml/l 
 
Trace salts  
 (g/100ml) 
CaCl2.2H2O 4.77 
FeSO4.7H2O 0.37 
CoCl2.6H2O 0.37 
MnCl2.4H2O 0.10 
Na2MoO4.2H2O 0.02 
 
 
2.1.4.2 Aqueous media used in photodisinfection studies 
 
Ultra-pure water was obtained from a Milli-Q Academic water purification 
system (Millipore, Molsheim, France). Tap water was obtained from the 
Dublin City Council water supply. PBS (Phosphate Buffered Saline) (pH 7.3) 
was prepared by adding 1 Dulbecco ‘A’ tablet (Oxoid) per 100 ml of distilled 
water and autoclaved for 15 minutes at 115
o
C. ¼ Strength Ringers solution (pH 
7.0) was prepared by adding 1 tablet per 500 ml of distilled water and 
autoclaved for 15 minutes at 115
o
C. 
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2.1.4.3 Sodium phosphate buffer 
 
Sodium phosphate buffer (0.01 M) was prepared by dissolving Na2HPO4 (0.01 M) 
and NaH2PO4 (0.01 M) in distilled water. The pH of the resulting solution was 
then adjusted to 7.0 by adding sodium hydroxide 0.1 M. 
 
2.2 Methods 
 
2.2.1 Determination of bacterial numbers  
 
Four methods were used to determine bacterial numbers. They included the pour-
plate method, the Miles-Misra technique (drop-plate), the spread-plate method 
and turbidity. All four methods relied on cell cultivation.  
  
2.2.1.1 Pour-plate method 
 
Samples were serially diluted in 9 ml ¼ Strength Ringers solution and plated (one 
ml) in triplicate on nutrient agar. The plates were incubated at 30
o
C for 24 hours 
and counted. Colonies were counted and cell numbers were expressed as cfu/ml 
(colony-forming units/ml). An advantage of the method is that bacterial cells are 
trapped immersed into the agar and their growth is limited. This prevents 
overlapping of the colonies and facilitates enumeration. Another advantage is the 
limited growth of colonies allows longer incubation of pour-plated samples and 
the possibility of recovery cells which were previously damaged (Josset et al., 
2008). 
 
2.2.1.2 Miles-Misra (drop-plate) method 
 
Samples were serially diluted. 10 µl of a dilution was dropped onto the surface of 
nutrient agar plates (5 up to 10 drops). Drops were let dry and plates were 
incubated upward at 30
o
C for 24 hours (Bohrerova and Linden, 2006a; Collins 
and Lyne, 1976). The upper limit for counting was 30 colonies per drop, while the 
  
50 
 
lower limit was 3 colonies. Colonies were counted and cell numbers were 
expressed as cfu/ml (colony-forming unit/ml). The drop-plate is a robust and 
practical culturability method (Barbosa et al., 1995). Advantages of the method 
include time and materials saving.  
 
2.2.1.3 Spread-plate method 
 
Aliquots (0.1 ml) of a bacterial suspension were spread on nutrient agar plates 
with a sterile glass spreader. The glass spreader was flamed and heat sterilized 
with IMS (methylated spirit) before and after use. Plates were allowed to dry on 
the bench and incubated for 24 hours at 30
o
C. Colonies were counted and cell 
numbers were expressed as cfu/ml (colony forming units/ml). Unlike the pour-
plate, the spread-plate method uses small sample volumes and because it uses 
solidified agar, the method avoids heat stress on the bacterial cell.  
 
2.2.1.4 Measurement of turbidity 
 
Turbidity of bacterial suspensions was investigated by inoculating 200 µl of 
sample in 9 ml sterile nutrient broth tubes. Tubes were allowed to incubate 
overnight at 30
o
C and turbidity was checked at 24-48 hours. Turbid medium were 
marked as (+) for growth whereas absence of turbidity, i.e. translucent nutrient 
broth tubes were marked as (-) indicating negative growth. Turbidity was a useful 
method to quickly scan the result of photodisinfection studies without the need to 
quantify the number of inactivated/surviving organisms.  
 
2.2.1.5 Evaluation of dark repair 
 
At the end of each photodisinfection treatment, the reactors were switched off and 
the treated microbial suspension was incubated in the dark for 24 hours with no 
stirring. After the incubation period the suspension was stirred for 5 minutes and 
then sampled for further analysis. Cell numbers were determined by one of the 
above methods. 
 
  
51 
 
2.2.1.6 Determination of number of cells in aggregates of P. putida CP1  
 
P. putida CP1 aggregated cells were disrupted by sonication prior to measurement 
of cell numbers (Fakhruddin and Quilty, 2007). The procedure started by adding 
25 ml of minimal medium containing aggregated cells to 50 ml sterile centrifuge 
tubes (U-shape). The centrifuged tube was kept in a glass beaker containing 
crushed ice during the whole procedure. An ultrasound probe (Labsonic 2000 U, 
Standard 19 mm probe) was introduced into the minimal medium suspension and 
kept functioning at low power (50 W) during 30 seconds. Defloculation of  
aggregates was observed using phase-contrast microscopy. Cell numbers were 
determined by serial dilution and the pour-plate method. Sonication procedure 
was solely used to evaluate the number of cfu/ml in intact aggregated cells. As 
sonication is a method which could potentially impact cell survival (Salhani and 
Uelker-Deffur, 1998), it was not used to quantify the number of cells during 
photodisinfection procedures; however, sonication was useful to disrupt untreated 
aggregated cells to provide an estimation of the initial overall cfu/ml 
concentration. 
 
2.2.2 Determination of viability  
 
The viability assay using the LIVE/DEAD
®
 Bacterial Viability Kit (BacLightTM) 
relies on the premise that the damage of cell membrane is associated with loss of 
viability of bacteria cells (Boulos et al., 1999).  
 
Planktonic cells  
 
A cell suspension was stained using the LIVE/DEAD
®
 Bacterial Viability Kit 
(BacLightTM) containing SYTO 9 and propidium iodide. Prior to staining, a stock 
solution of SYTO 9 and propidium iodide was prepared by mixing together the 
two BacLight stains (30 µl+30 µl). The stock solution was kept at -20
o
C and 
protected from light. One ml of bacterial suspension was mixed with 3 µL of 
Baclight dye mixture in an eppendorf covered with tin foil and incubated in the 
dark for 20 minutes. The stained cells were visualized using by two approaches: 
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(a) 3 µl of stained cells were placed on a clean glass slide and covered with a 
coverslip (18 mm x 18 mm).  
 
(b) 1 ml of stained culture (~10
6
cell/ml) was filtered through a 0.2 µm Nuclepore 
Track-Etch polycarbonate membrane (Whatman) in Millipore a 47 mm plastic 
filter holder. The filter was washed with sodium chloride (0.9% w/vol) solution in 
order to allow cells to be evenly spread on the filter surface. The membrane was 
filtered to dryness, removed with a forceps and laid on a drop of Baclight 
mounting oil drop, on a microscope slide (Boulos et al., 1999). In all cases, slides 
were examined prior to 24 hours after staining had been carried out. 
Aggregated cells 
 
Stained aggregated cells (30 µl) were placed on a clean glass cavity slide and 
covered with a coverslip (18 mm x 18 mm).  
 
Live cells fluorescence green whereas dead cells fluorescence red. The filter FITC 
was used to capture green signal (live cells) whereas the TRITC filter was used to 
capture red signal (dead cells). Each selected field was recorder in both FITC and 
TRITC signal and merged in a single image afterwards. A Nikon Eclipse Ti-E
®
 
inverted Epifluorescence Microscope was used to observe cells. P ictures for 
documenting cell numbers were taking using a colour video camera Digital Sight 
DS-2U attached to a Nikon Eclipse Ti-E
®
 inverted Research Epifluorescence 
Microscope equipped with FITC and TRITC filters. The images were stored in 
either in TIFF/JPEG/JP2 format files and processed with a software (NIS-
Elements Advanced Research (Ver. 3.00) using a Dell Optiplex Computer.  
 
In the case of planktonic cells, at least 10 randomly selected fields containing 10-
50 planktonic were examined on the filter using the 100X oil immersion lens. The 
number of bacteria per ml of sample was calculated using the formula (Boulos et 
al., 1999): 
T= N x A/a ÷ V, where, 
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T= number of bacterial cells/ml 
N= Number of bacteria/field 
A=area of filter (mm
2
) 
a=area of the microscope field (mm
2
) 
V=volume of the sample filtered (ml).  
 
In the case of aggregated cells, 5-10 fields were observed using 10X or 40X 
magnification lens. The red and green intensity of merged images were acquired 
by selecting 30-50 randomly aggregates. The results were expressed as percentage 
of live or dead cells.  
 
2.2.3 Photochemical reactors 
 
2.2.3.1 UV-C disinfection 
 
A UV-Reactor System Heraeus UV-RS3 (Heraeus Noblelight GmbH, Hanau, 
Germany) comprising a quartz sleeve, a glass reactor vessel (700 ml capacity) and 
a 15 W UV-C low-pressure mercury lamp (253.7 nm) was used for the photolytic 
studies (Figure 2.2). 
 
  
Figure 2.2 – In-batch UV-C disinfection reactor. 
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Measurement of emission spectrum of UV-C lamp 
 
The emission spectrum of the UV-C lamp (Figure 2.3c) was obtained by using a 
spectrometer system from Ocean Optics (Dunedin, Florida, USA). The system 
was equipped with an USB2000 spectrometer, a LS-1-CAL calibrated light source 
(figure), a FOS 1 Integrated sphere, a UV-NIR fibre optics cable (600 µm) and the 
Spectra Suit software. The method provided by the manufacturer was followed 
(Spectroscopy TV, 2010).  
 
1) The first step to calibrate the spectrometer was to obtain a reference light 
spectrum from a reference light (LS-1-CAL) (Figure 2.3a). As the fibre 
optics probe used to measure the reference light was easily saturated by 
the strong emission of the LS-1-CAL reference light, the method of 
manufacture was modified. This modification included placing a light 
filter, made of cling film, between the reference light source and the 
detector in order to attenuate light intensity.  
2) The second step to calibrate the spectrometer was to obtain a dark 
spectrum which was acquired by exposing the fibre optic probe to the 
dark.  
3) Thirdly, the emission spectrum of the UV-C lamp was measured by 
exposing the fibre optic probe (at 10 cm) to the UV-C lamp (Figure 2.3b). 
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 (a)__  (b)  
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
Figure 2.3 – Measurement of emission spectrum of UV-C lamp low-pressure 
mercury lamp. The reference light source with cling filter used in the calibration 
step (adaptation of Ocean Optic’s method) (a), a fiber optics probe (blue cable) 
positioned to measure the UV-C (b). Emission spectrum of UV-C low-pressure 
mercury lamp (c). 
 
The low-pressure mercury lamp emitted a strong single line at 253.7 nm and 
residual lines in the UV-A and the visible area. 
 
Measurement of fluence-rate of UV-C lamp by radiometry 
 
In order to measure the fluence-rate of the UV-C lamp a UV sensor (Solarmeter® 
model 8.0 from Solartech) with a detector at 254 nm µW/cm
2
 was used. 
Radiometric measurement was taken by placing the UV-C lamp at 10 cm of 
distance from the radiometer. Distance for measurement was set as the medium 
distance between the quartz glass immersion well and the inner reactor wall. After 
10 minutes the lamp was switched on, at least 10 successive measurements have 
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been taken. The resultant value of irradiance measured was 0.730(±0.014) 
mW/cm
2
.  
 
UV-C disinfection rates  
 
In UV-C disinfection studies, where the irradiance of the low-pressure mercury 
lamp was acquired from a single emission wavelength at 254 nm, calculation of 
UV-doses was acquired by multiplying the value of measured irradiance (0.730 
mW/cm
2
) by time in seconds. UV-dose values obtained were then plotted in the x-
axis versus a representative number expressing bacterial survival at related 
applied UV-dose. The representative reduction of cells was expressed as the Log 
of the survival ration or Log10 (N0/ND), which is equal to Log10 (counts of 
untreated sample)-Log10 (counts of treated sample dose D). Disinfection rate was 
equal to the slope of the resulting inactivation curve. Inactivation rate is 
determined according equation 1 described below Lakretz et al., (2010): 
 
(Equation 1) Log10 N0/ND = k  x (I avg x t) = k x UV-dose, where: 
 
N0 = untreated cells/ml, 
ND = treated cell/ml after dose D, 
k = disinfection rate= cm
2
/mJ, 
I avg = mW/cm
2
, 
UV-Dose = Iavg (mW/cm
2
) x time (s), 
t = time (s). 
 
2.2.3.2 UV-A/B disinfection and photocatalysis 
 
In the UV-A/B disinfection and photocatalysis experiments, an Aceglass 
(Vineland, New Jersey USA) reactor vessel model 7841-06 (290 mm and 1L 
capacity) was used (Figure 2.4). The reactor vessel was constructed of borosilicate 
glass Aceglass®. The immersion well or ‘cooling finger’ model 7857-10 was 
doubled-walled made in borosilicate glass with an inlet and an outlet tubes for 
cooling water flow. The light source in photocatalytic studies was a 400 W 
  
57 
 
medium-pressure mercury lamp (Photochemical Reactors LTD, Berkshire, UK.). 
The bulb had an overall length of 380 nm, discharge length 18 mm. The light 
output according to information provided by the lamp supplier is 5x10
19
 photons/s 
(measured by ferrioxalate actinometry in a quartz immersion well). The power 
supply model 3140 (Photochemical Reactors LTD) provided 400 W of electrical 
input.  
 
 
 
 
Figure 2.4 – UV-A/B photocatalytic in batch annular reactor. 
 
 
Measurement of emission spectrum of UV-A/B lamp  
 
The emission spectrum of the UV-A/B medium-pressure mercury lamp (Figure 
2.5) was measured using the same spectrometer system from Ocean Optics 
(Dunedin, Florida, USA. The spectrometer could detect wavelengths above 300 
nm which was the region of interest for the UV-A/B studies. The emission 
spectrum of the medium-pressure mercury lamp showed polychromatic emission 
with lines in the UV-B region at 312 nm, UV-A at 333 nm and 365 nm and in the 
visible range at 433, 436, 546 and 576 nm. 
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Figure 2.5 – Emission spectrum of UV-A/B medium-pressure mercury lamp.  
 
UV-A/B disinfection and photocatalysis disinfection rates  
 
During UV-A/B disinfection studies and UV-A/B TiO2 photocatalytic studies, the 
UV dose has been not considered into calculation of disinfection rate. Rather than 
that reduction in the log of the survival fraction -s expressed as Log10 (N0/Nt) and 
which is equal to Log10 (counts of untreated sample)-Log10 (counts of treated 
sample after an exposure time) – was plotted against time in minutes (min-1). Data 
points included in a linear portion of the inactivation curve were used to generate 
a linear-regression curve respecting a limit of the >95% to r
2
-value (>0.95). The 
slope of curves were considered as the inactivation rate values (k) and were used 
to compare different kinetics of UV-A/B disinfection and photocatalytic treatment 
(Lakretz et al., 2010; Mamane-Gravetz and Linden, 2004). The disinfection rate 
was determined in Equation 2: 
 
(Equation 2) Log10 N0/Nt = k  x t 
 
Where: 
 
N0 = untreated cells/ml, 
Nt = treated cells/ml at exposure time t,  
k = disinfection rate (min
-1
), 
t = time (min). 
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2.2.3.3 Photodynamic inactivation  
 
A miniaturised LEDs system was constructed by Dr. Mary Pryce’s research 
group, in the School of Chemical Sciences, Dublin City University (Figure 2.6). 
100 LEDs with emission in the 525 nm region were assembled in 7 rows and 
arranged in a metal box which blocked all the external light. The voltage of each 
green LED was 2.1 V. A power source was connected to the LEDs. The reactor 
used to irradiate bacteria l suspensions in photodynamic inactivation (PDI) studies 
was Petri dishes (20 ml capacity). The dimensions of the polystyrene Petri dish 
were diameter = 89.42 mm, height = 15.9 mm and the area = 62.74 cm
2
.  
 
 
  
 (a)   (b) 
Figure 2.6 – The LEDs miniaturised device and power source (a), LEDs device 
detail of green light irradiating the top of Petri dish containing microbial 
suspension (b). 
 
 
Measurement of emission spectrum, luminance and calculation of fluence-rate of 
LED system 
 
The emission spectrum of the LEDs device (Figure 2.7) was measured using the 
spectrometer system from Ocean Optics (Dunedin, Florida, USA). 
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Figure 2.7 – Emission spectrum of light source of LEDs system used in 
photodynamic inactivation studies.  
 
A digital light meter (Iso Tech model Lux-1337) was used to measure luminance 
(Lux) of the LED radiation source. The meter was placed at 10 cm of distance at 
the middle of the circular area of ~63
 
cm
2
 of light produced by the LED system. 
The average luminance of the LED device was 4,700 Lux. According to the 
luminous function (Ohta and Robertson, 2005; Stimson, 1974) at 525 nm 1 Lux 
has a fluence-rate of ~1.16 mW/m
2
. Thus, at 525 nm, 4,700 Lux are correspondent 
to a fluence-rate equal to: 
 
Fluence-rate at 525 nm = (4,700 Lux x 1.16 mW/m
2
) ÷ 1 Lux = 
 
5,405 mW/m
2
 i.e. = 0.540 mW/cm
2
. 
 
 
2.2.4 Inoculum preparation 
 
2.2.4.1 Free-swimming cells (E. coli and P. putida CP1) 
 
Two loops of culture were aseptically transferred into 10 ml universals containing 
nutrient broth. The organisms were grown overnight on a shaker incubator (150  
rpm) at 30
o
C. After an incubation period of 18-24 hours (late-
exponential/stationary-phase) the microorganism suspension was centrifuged at 
4,000 rpm (15 minutes, 4
o
C). The supernatant was removed and the pellet was 
washed twice with Phosphate Buffered Saline (PBS). Cells were resuspended in 
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buffer and diluted to achieve desired optical density (O.D.). The overnight O.D. 
(~1.0) at 600 nm of E. coli corresponded to a number of 2.60 (±0.38) x10
9
cell/ml. 
For P. putida CP1 grown overnight, optical density was normally~0.9 at 660 nm 
and equivalent to 3.6 (±0.72) x10
8
cell/ml. 
 
 
2.2.4.2 Aggregated cells (P. putida CP1) 
 
P. putida CP1 was grown overnight in nutrient broth. The culture was centrifuged 
at 4,000 rpm (15 minutes, 4
o
C) and washed twice in 0.01 M sodium phosphate 
buffer (pH 7.0) and then resuspended twice to give an optical density of 0.7±0.04 
correspondent to 2.79 (±0.11) x10
7
cell/ml at 660 nm. 500 ml of minimal medium 
flasks were inoculated with 5% (v/v) of this inoculum. A 50% (w/v) fructose 
solution was filtered through a membrane filter (Whatman GF/C 0.2 µm, 47mm 
membrane filters) and added to minimal medium to give a final concentration 1% 
(w/v). Flasks were incubated at 150 rpm at 30
o
C overnight for 24 hours.  
 
2.2.5 Reactor set up 
 
2.2.5.1 UV-C disinfection 
 
In UV-C disinfection experiments the reactor was rinsed and washed with 
detergent and hot tap water and disinfected with 1% (w/v) Virkon®, and finally 
rinsed out twice with sterile Milli-Q water. 500 ml of sterile aqueous media 
containing a magnetic bar was added to the reactor and the medium was 
aseptically inoculated with free-swimming bacteria E. coli or P. putida CP1 (10
7
, 
10
6
 or 10
5
cell/ml) or aggregated cells of P. putida CP1 (~108cell/ml). The 
inoculated was placed in a closed wood cabinet and wrapped with tissue paper to 
avoid light transmission during operation. The reactor was stirred throughout the 
experiment. The low pressure mercury lamp was introduced into the immersion 
well and the power source turned on for the desired period of time. No light was 
used in the dark controls. The initial sample was taken at 10 minutes and at 
intervals following. Cell numbers and disinfection rate were determined.  
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2.2.5.2 UV-A/B disinfection and photocatalysis 
 
In UV-A/B disinfection and photocatalysis the reactor was rinsed and washed 
with detergent and hot tap water and disinfected with 1% (w/v) Virkon®, and 
finally rinsed out twice with sterile Milli-Q water. 1 l of sterile aqueous media 
containing a magnetic bar was added to the reactor and the medium was 
aseptically inoculated with free-swimming bacteria E. coli or P. putida CP1 (10
7
, 
10
6
 or 10
5
cell/ml). In the case of aggregated cells of P. putida CP1 (10
8
cell/ml), 
the reactor was inoculated with 1 l of aggregates grown for 24 hours in minimal 
medium and fructose medium. A magnetic bar was aseptically added into the 
reactor, afterwards. 1 g/l of Degussa P-25 TiO2 was added to photocatalytic 
disinfection studies. The cooling finger was rinsed and washed with detergent and 
hot tap water and disinfected with 1% (w/v) Virkon® and then added into the 
photochemical reactor. Tap water was connected to the cooling finger and allowed 
to flow in and out throughout the experiment to allow cooling of the medium-
pressure lamp. The inoculated reactor was placed in a closed wood cabinet and 
wrapped with tissue paper to avoid light transmission during operation. The 
reactor was stirred throughout the experiment. The lamp was introduced into the 
immersion well and the power source turned on for the desired period of time. No 
light was used in the dark controls. The initial sample was taken at 10 minutes and 
at intervals following. Cell numbers and disinfection rate were determined. 
 
The first step during the photocatalytic investigations with the reactor system used 
in this work was to determine a standard load of TiO2 to be used to inactivate free-
swimming bacteria. For doing this, E. coli (10
7
cell/ml) was inoculated in Ringers 
solution and photocatalysed in the presence of 0.2, 0.5, 1.0, 1.5 or 2.0 g/l.  
Preliminary investigations showed that the load of 1.0 g/l of TiO2 provided the 
most satisfactory inactivation of bacteria. Therefore, 1.0 g/l of catalyst was the 
concentration used throughout this section.  
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As UV irradiation causes severe eye and skin burns, precautions were taken 
during Ultraviolet and Photocatalysis disinfection studies. A strict and detailed 
SOP used during manipulation of annular photochemical reactors was put in place 
in order to ensure safety. UV goggles, gloves and white coat protected any area of 
skin exposed.  
 
2.2.5.3 Photodynamic inactivation (PDI) 
 
In photodynamic studies sterile ¼ Strength Ringers solution containing a 
magnetic bar was added to sterile plastic Petri dishes (20 ml). The medium was 
aseptically inoculated with 0.5 ml (of O.D. at 660 nm) of free-swimming bacteria 
P. putida CP1 (10
6
cell/ml). Alternatively, aggregated cells of P. putida CP1 
(10
8
cell/ml) were inoculated into Petri dishes. In this case, a magnetic bar was 
aseptically added into the reactor, afterwards. A volume of a stock solution of 
Rose Bengal (1 mM) was added to achieve concentrations between 10 to 100 
µg/ml.  
 
Preliminary investigations showed that concentrations of Rose Bengal below 10 
µg/ml (e.g. 0.1, 0.2, 0.25, 0.5, 0.75, 1, 3, 5 or 7.5 µg/ml) were not effective in 
killing free-swimming cells within an hour of photodynamic treatment in Ringer 
Solution. Therefore, the studies with free-swimming cells were carried out with 
concentrations between 10 and 100 µg/ml of Rose Bengal. In the case of 
aggregated cells, it was found that due to their greater resistance to photodynamic  
inactivation in minimal medium, and to the uptake of Rose Bengal by the 
aggregates higher concentrations, (25, 50 and 100 µg/ml) of Rose Bengal were 
used.  
 
Prior to irradiation bacteria and sensitiser suspension were kept stirring in the dark 
for 10 minutes. The Rose Bengal bacterial suspension was kept under stirring 
throughout. Every treatment included dark and light controls. Besides that all the 
treated suspensions were kept in the dark after treatment and occurrence of dark 
repair was verified. Samples were collected at different time intervals and 
evaluated by culturable or turbidity technique for evaluation of growth.  
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2.2.6 Determination of aggregates size 
 
30 µl of aggregated cells of P. putida were placed on a clean glass cavity slide and 
covered with a coverslip (18 mm x 18 mm). The size of the aggregated cells CP1 
was evaluated using phase-contrast microscopy with a Nikon Eclipse Ti-E® 
inverted Research Epifluorescence Microscope. Preferably magnification 10X 
was used. All the aggregates from at least 5 microscope fields were selected and 
averaged, maximum, minimum and standard deviation values were automatically 
processed by the software NIS-Elements Advanced Research (Ver. 3.00) using a 
Dell Optiplex Computer. 
 
2.2.7 Dry-weight of aggregates 
 
A specific volume of suspended aggregated cells was filtered through two tarred 
filters (Whatman GF/C and Gelman 0.2 µm, 47 mm membrane filters), dried at 
85
o
C for 2 hours and then reweighed. 
 
2.2.8 Analysis of extracellular polymeric substances (EPS) 
 
2.2.8.1 Determination of bound and free EPS  
 
The extracellular polymeric substances (EPS) of P. putida CP1 aggregated cells 
were extracted by adaptation of the methods from (Eboigbodin and Biggs, 2008). 
10 ml of overnight grown fructose flocs suspension were harvested by 
centrifugation at 4000 rpm add x g for 15 minutes at 4
0
C. The pellet was used for 
extraction of bound EPS while the supernatant was used for extraction of free 
EPS. For the extraction of the bound EPS, pellet was washed twice in NaCl (0.9 
% w/vol) to remove traces of growth medium. The washed cells were resuspended 
in 1:1 volume of a solution 0.9% NaCl and 2% EDTA then incubated for 60 
minutes at 4
0
C. The supernatant was then harvested by centrifugation at 4,000 
rpm at 4
0
C for 30 minutes and then filtered through 0.45 µm sterile membrane 
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(Pall). For the extraction of extraction of free EPS, supernatant collected was 
centrifuged again during 4,000 rpm for 30 minutes at 4
0
C to remove residual cells. 
The new supernatant containing free EPS was precipitated with 1:3 volume 
ethanol and stored at -20
0
C for 18 hours. The sample was centrifugation at 4,000 
rpm for 14 minutes at 4
0
C. The extract was resuspended in ultrapure water and 
dialyzed against ultrapure water to removed ethanol. Both bound and free EPS 
were stored at -20
0
C until needed for further analysis. The total EPS content was 
taken as the sum of the bound and free EPS. 
 
2.2.8.2 Biochemical analysis 
Dubois assay for the determination of carbohydrates 
 
The Dubois assay or phenol sulphuric acid method (DuBois et al., 1956) was used 
to determine the concentration of carbohydrates in the free and bound EPS. 2 ml 
of standard/sample was added to a universal, followed by the addition of 0.5 ml of 
5% (w/v) phenol solution and 2.5 ml of concentrated sulphuric acid. Then the 
universal was allowed to stand for 10 minutes. After that, the universal was placed 
into a water bath at 30
0
C for 20 minutes. The absorbance was measured at 490 
nm. The concentration of carbohydrates was determined according to a standard 
curve with glucose (at 0, 20, 40, 60, 80 and 100 µg/ml). 
 
Bradford assay for the determination of proteins  
 
The concentration of proteins in the free and bound EPS was determined with the 
Bradford assay (Bradford, 1976). 1 ml of Bradford reagent (Sigma) was added to 
1 ml of sample and immediately vortexed. The mixture was left at room 
temperature for 5 minutes and the absorbance was measured at 595 nm. The 
concentration of proteins was determined by comparison to a calibration curve 
with bovine albumin serum (BSA) from Sigma (at 0, 20, 40, 60, 80 and 100 
µg/ml). 
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Dinitrosalicylate (DNS) colorimetric method for determination of fructose 
 
Bacterial cells were removed from samples by centrifugation (13,000 rpm for 4 
minutes) before assaying. The fructose concentrations were determined by the 
dinitrosalicylate (DNS) colorimetric method (Miller, 1959). The DNS reagent was 
prepared by dissolving 1 g of 3,5-dinitrosalicylic acid and 30 g potassium sodium 
tartrate in 50 ml distilled water and 16 ml of sodium hydroxide (10% w/v). The 
solution was warmed not to boil and when dissolved, the volume was completed 
up to 100 ml. 1 ml of standard or diluted samples and 1 ml of water was placed in 
a test tube. 2 ml of DNS reagent was added. The tubes were then capped and 
placed in boiling water bath for 10 minutes. The tubes were readily cooled and 10 
ml of water added to each. Absorbance was read at 540 nm. The fructose 
concentration was determined against a calibration curve of corresponding known 
fructose concentrations (0.25; 0.50, 0.75; 1.0; 1.5 and 2.0 mg/ml). 
 
 
2.2.8.3 Staining of aggregated cells with fluorochromes 
 
The staining procedure was performed on aggregated bacterial cells as previously 
described by Chen et al., (2007). A volume of 1 ml of aggregates was carefully 
collected from the reactors with a wide-mouthed pipette. The aggregates were 
kept fully hydrated during the staining procedure. 2.5 µl of FITC solution (10 g/l) 
was added first and left to incubate for 1 hour. FITC stains all protein and amino-
sugars of cells and EPS. A second sample of aggregates was stained for 
polysaccharides by the addition of 10 µl of calcofluor-white solution (Fluka). The 
incubation time was 30 minutes. DNA was stained by addition of  propidium 
iodide (1.5 µl) per each 1 ml of aggregates suspension and incubated for 15 
minutes to stain the nucleic acid. After each staining step, the aggregates were let 
settling down for 2 to 5 minutes and washed with PBS (Oxoid) thrice for complete 
de-staining or until total removal of colour from supernatant was achieved. The 
incubation was carried out in the dark at room temperature. The aggregated cells 
were stained either by a single fluorochrome or by multiple fluorochromes, which 
were then applied in the order above described. The stained aggregates (30 µL) 
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were added to a cavity slide sealed with a coverslip and nail polish. Slides were 
visualized at 10X magnification with epifluorescence microscopy. The 
observations were performed with a Nikon Eclipse Ti-E
®
 inverted Research 
Epifluorescence Microscope with FITC, DAPI and TRITC filters. The filter FITC 
was used to capture green signal (proteins) whereas the TRITC filter was used to 
capture red signal (DNA) and the DAPI filter was used to capture blue signal 
(proteins). Each selected field was recorded in FITC, TRITC and DAPI signal 
which were merged in a single image afterwards. The green/blue/red intensity of 
all the aggregated cells present in a field were recorded automatically by the 
package NIS-Elements Advanced Research (Ver. 3.00)  
 
2.2.9 Determination of Rose Bengal interactions with aggregated cells 
 
2.2.9.1 UV-Vis analysis of supernatant of Rose Bengal and aggregated cells 
 
Suspensions of aggregated cells of P. putida CP1 and Rose Bengal were 
centrifuged in a Biofuge 13 microfuge (Heraeus Instruments) at 13,000 x g. The 
absorption spectrum of the supernatant was read between 200 and 800 nm. The 
supernatant was diluted if necessary. The blank sample (supernatant of aggregated 
cells without sensitiser) presented a strong UV absorption below ~370 nm (Figure 
2.8). 
 
Figure 2.8 – Absorption spectrum of minimal medium used to grow aggregated 
cells of P. putida CP1. 
 
From the absorption spectrum two information were obtained; the percentage of 
photosensitiser uptake by the biomass and the absorbance ratio.  
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Percentage of uptake of Rose Bengal by aggregated cells  
 
The percentage of uptake of Rose Bengal by the aggregated cells of P. putida CP1 
was monitored in relation to the maximum absorbance of the sensitiser (549 nm). 
The percentage of uptake of Rose Bengal (or the removal of colour) during 
interaction of aggregated cells and photosensitisers was calculated at different 
contact times using the Equation (3) described by Cripps (1990) where: 
 
A0= Initial absorption of Rose Bengal in the supernatant at time 0.  
At= Absorption of Rose Bengal in the supernatant after time t. 
 
(Equation 3) (A0-At/ A0) x 100  
 
Biodegradation and biosorption of Rose Bengal by aggregated cells  
 
Occurrence of biosorption or biodegradation during interaction of photosensitisers 
and aggregated cells was inferred by evaluation of absorbance ratio (Glenn and 
Gold, 1983). If biosorption was the predominant process occurring, absorbance at 
all wavelengths are expected to decrease similarly. This would reflect in constant 
absorbance rates values. However, if absorbance at different wavelengths 
decreases irregularly absorbance ratio values should vary too. In this case 
chromophores groups were being broken down by enzymatic action indicating 
biodegradation (Glenn and Gold, 1983). The calculation of absorbance rate values 
was obtained from Equation 4:  
 
(Equation 4) Absorbance ratio= (Abs λ Max/Abs λ Max/2)), where: 
 
Abs λ Max = Maximum absorption at the wavelength of 549 nm. 
Abs λ Max/2 = Maximum absorption at the wavelength of 428 nm. 
 
In equation 4, Absλ Max is the highest value of absorbance at wavelength of 549 
nm for Rose Bengal whereas Abs λ Max/2 was the value of absorbance 
correspondent to a half of λ wavelength, i.e. 428 nm.  
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2.2.9.2 Epifluorescence microscopy of Rose Bengal attached to the aggregated 
cells 
During photodynamic studies, the attachment of Rose Bengal (50 or 100 µg/ml) to 
aggregated cells was observed. 30 µl of bacterial suspension was added to cavity 
slide sealed with a coverslip and nail polish. Slides were visualized at 10X 
magnification with epifluorescence microscopy Nikon Eclipse Ti-E® inverted 
Research Epifluorescence Microscope equipped with TRITC filters. The images 
were recorded automatically by the package NIS-Elements Advanced Research 
(Ver. 3.00).  
 
2.2.10 Data analysis 
 
All experiments were carried out in duplicates. All data points were analysed in 
triplicates. Microsoft Office Excel 2007 was used to determine the values of 
mean, standard deviation and regression coefficients. Two-way and one-way 
ANOVA together with Post-Hoc testing was used to determine relationships 
between independent variables aqueous media and microorganisms (Field, 2005). 
ANOVA testing was carried out with the software IBM
®
 SPSS
®
 Statistics 19.  
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3 Results  
 
The study investigates the responses of planktonic and aggregated bacterial cells 
to photodisinfection. The results are described in four sections. The first section 
3.1 describes the response of bacteria to UV-C, the response of the bacteria to 
UV-A/B disinfection is described in section 3.2, TiO2 photocatalysis of the 
bacteria is described in section 3.3 and photodynamic inactivation of the bacteria 
is described in the final section 3.4. 
 
3.1 UV-C disinfection 
 
UV-C disinfection was carried out using free-swimming, E. coli (DSMZ 498) and 
both free-swimming and aggregated forms of P. putida CP1. Studies were 
conducted at room temperature in a variety of aqueous media including Milli-Q 
water, Tap water, Phosphate Buffered Saline (PBS), ¼ Strength Ringers solution 
and Minimal Medium. The reactor used was a Heraeus UV-RS3 (Heraeus 
Noblelight GmbH, Hanau, Germany) comprising of a quartz sleeve, a glass 
reactor vessel (700 ml capacity) and a 15 Watt Ultraviolet-C low-pressure 
mercury lamp (λ=253.7 nm). The response of the cells to UV-C disinfection was 
monitored by determining cell number following growth and cell viability was 
determined using the LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
). In the 
case of aggregated cells changes in the composition of the EPS (extracellular 
polymeric substances) was noted using epifluorescence microscopy and 
biochemical analysis. The size of aggregated cells during UV-C disinfection was 
monitored using phase-contrast microscopy.  
 
3.1.1 Study of aqueous media suitability for ultraviolet disinfection studies  
 
Prior to carrying out UV disinfection studies of free-swimming Escherichia coli 
(DSMZ 498) and Pseudomonas putida CP1, the suitability of four aqueous media 
was investigated. Milli-Q water, Tap water, Phosphate Buffered Saline (PBS), ¼ 
Strength Ringers solution were inoculated with pure cultures of each bacterium 
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(10
6
cell/ml) and incubated, with stirring in the dark for a period of 60 minutes. 
Samples were taken at intervals and checked for cell number. There was no 
significant fall in cell numbers for both bacteria in Milli-Q water, Phosphate 
Buffered Saline (PBS) and ¼ Strength Ringers solution. However no growth of 
either culture was detected in tap water (Table 3.1).  
 
Table 3.1 – Numbers of E. coli and P. putida CP1 (106cell/ml) after 1 hour of 
incubation in various aqueous media.  
Organism 
Aqueous medium 
E. coli 
(DSMZ 498) 
P. putida 
CP1 
Milli-Q water + + 
¼ Strength Ringers Solution  + + 
Phosphate Buffered Saline (PBS) + + 
Tap water - - 
Minimal Medium (up to 6 hours)  + + 
(+): No significant reduction, (-) no organisms detected. 
 
 
The viability of the P. putida CP1 cells in Milli-Q and Tap water was evaluated 
using the LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
) for up to 4 hours 
(Figure 3.1). The result showed sustained viability in the Milli-Q however an 
absence of any viable cells in the tap water after 2 and 4 hours of incubation. The 
findings led to the exclusion of tap water as a medium for the UV-C disinfection 
studies. 
 
  
Figure 3.1 – Live and dead profile of P. putida CP1 free-swimming cells 
incubated in (left) Milli-Q water and (right) Tap Water over time as determined by 
LIVE/DEAD
®
 Bacterial Viability Kit (BacLight
TM
).  
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3.1.2 UV-C disinfection of free-swimming cells 
 
The response of E. coli and P. putida CP1 to UV-C disinfection was investigated 
in Ringers, Phosphate Buffered Saline and Milli-Q water. When the response of 
the cells was monitored using the plate count technique, a rapid fall in the 
numbers of cells was observed within seconds for both bacteria. No significant 
reduction in cell numbers was observed for dark controls. An inoculum of 
10
6
cell/ml took no longer than 7 seconds to be inactivated (Table 3.2 and Table 
3.3). The inactivation rate (k) for each bacterium in all three media was calculated 
by plotting the decimal logarithm of the fraction of surviving organisms (N0/ND) 
against UV-C dose using the following Equation 1: 
 
(Equation 1) Log10 N0/ND = k x (Iavg x t) = k x UV-dose, where: 
 
N0 = Number of cells/ml at time dose “0” ,  
ND = Number of cells/ml at dose D,  
k = disinfection rate= cm
2
/mJ, 
Iavg = Irradiance averaged value= mW/cm
2
, 
Dose of UV-C = Iavg (mW/cm
2
) x time (s) = mJ/cm
2
, 
t = time (s). 
 
Table 3.2 – Number of E. coli (DSMZ 498) following UV-C photolytic 
disinfection in Milli-Q ultrapure water, Phosphate Buffered Saline and ¼ Strength 
Ringers solution.  
UV-C 
treatment 
Counts 
(cfu/ml) 
UV-dose 
(mJ/cm
2
) 
Time  
(sec) 
Milli-Q  
water 
Phosphate Buffer 
Saline (PBS) 
¼ Strength 
Ringers solution 
0 0 1.46(±0.66)x10
6
 2.32(±0.05)x10
6
 2.07(±0.05)x10
6
 
0.73 1 3.87(±0.73)x10
5
 1.22(±0.12)x10
6
 4.43(±0.97)x10
5
 
2.19 3 1.55(±0.16)x10
3
 1.08(±0.13)x10
4
 1.05(±0.05)x10
4
 
3.65 5 0.00 3.57(±0.05)x10
1
 2.08(±0.52)x10
1
 
5.11 7 0.00 0.00 0.00 
7.3 10 0.00 0.00 0.00 
14.6 20 0.00 0.00 0.00 
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Table 3.3 – Number of P. putida CP1 following UV-C photolytic disinfection in 
Milli-Q ultrapure water, Phosphate Buffered Saline and ¼ Strength Ringers 
solution. 
UV-C  
treatment 
Counts 
(cfu/ml) 
UV-dose 
(mJ/cm
2
) 
Time  
(sec) 
Milli-Q 
water 
Phosphate  
Buffer Saline 
(PBS) 
¼ Strength 
Ringers solution 
0 0 8.50(±0.98)x10
5
 4.50(±0.58)x10
6
 1.35(±0.06)x10
6
 
0.73 1 3.50(±0.37)x10
5
 6.50(±4.12)x10
6
 2.82(±0.41)x10
5
 
2.19 3 ND 2.34(±0.43)x10
4
 1.03(±0.07)x10
3
 
3.65 5 5.23(±0.60)x10
1
 3.30(±0.58)x10
2
 0.00 
5.11 7 0.00 0.00 0.00 
7.3 10 0.00 0.00 0.00 
14.6 20 0.00 0.00 0.00 
ND: not determined.  
 
The UV-C dose response curves are plotted in Figure 3.2. The inactivation rates 
are summarised in Table 3.4. 
(a)
(b) 
Figure 3.2 – UV-C dose response of free-swimming (a) E. coli (DSMZ 498) and 
(b) P. putida CP1. Decimal logarithm of survival fraction or Log10 (N0/ND) as a 
function of aqueous media composition: Milli-Q water ( ), Phosphate Buffered 
Saline-PBS ( ) and ¼ Strength Ringers solution ( ) and UV-C dose in mJ/cm
2
.  
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The inactivation rates “k” of free-swimming organisms were obtained from the 
log-linear regression of data points. The values of k ranged from 1.019 to 1.145 
cm
2
/mJ. Analysis of the data using the two-way ANOVA test showed there were 
no significant differences between the organisms, that the response was 
independent of medium composition and that no interactions between medium 
and organisms altered the inactivation rate (Table 3.4). 
 
Table 3.4 – Inactivation rates of free-swimming E. coli and P. putida CP1 during 
UV-C disinfection in aqueous media.  
Free-swimming 
organism 
Milli-Q 
 water 
Phosphate  
Buffer Saline 
1/4 Strength 
Ringers solution 
E. coli (DSMZ 498) 1.145(±0.091) 1.105(±0.055) 1.019(±0.043) 
P. putida CP1 1.130(±0.054) 1.085(±0.034) 1.089(±0.031) 
Test Between-Subjects Effects tested by ANOVA-two-way: Organism 
p=.799; Medium p=.325; Organism*Medium, p=.521.  
 
Dark repair and viability of P. putida CP1 were evaluated following UV-C 
disinfection. When free-swimming P. putida CP1 (10
7
cell/ml) was photolysed for 
20 seconds in Ringers solution and then left for 24 hours in the dark, dark repair 
was observed using both a culturable and non-culturable approach (Table 3.5). 
Using a culturable approach, inactivation of P. putida CP1 in Ringers solution 
was seen to be complete in 10 seconds. Viability results however showed that 
approximately 40% of the cells remained in a viable state. The analysis of 24 
hours samples incubated in the dark showed that viability of the cells recovered 
significantly and up to 86.26% of viable cells were detected. Cells numbers were 
also determined using the culturable approach, however the numbers detected 
were 6-Log units lower than the number of cells at the beginning of the 
experiment. A dose response curve for the organism is described in Figure 3.3. 
The mean value of the inactivation rate of 10
7
cell/ml of P. putida CP1 was 0.872 
(±0.05) cm
2
/mJ. One-way-ANOVA analysis showed that this inactivation rate was 
significantly different to the value obtained when the inoculum size was 10
6
/ml 
(Table 3.5). 
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Table 3.5 – Number of P. putida CP1 following UV-C photolytic disinfection in 
¼ Strength Ringers solution.  
UV-dose 
(mJ/cm
2
) 
Time 
(sec) 
Counts 
(cfu/ml) 
Viability 
(%) 
0 0 1.78(±0.23)x10
7
 95.28(±13.11)  
0.73 1 1.33(±0.11)x10
7
 ND 
2.19 3 1.39(±0.28)x10
6
 ND 
3.65 5 1.67(±0.27)x10
5
 46.56(±11.57)  
5.11 7 1.09(±0.23)x10
3
 ND 
7.3 10 0.00 43.04(±11.70)  
14.6 20 0.00 38.52(±5.15)  
24 hours dark repair 8.00(±0.77)x10
1
 86.26(±16.19)  
ND: not determined.  
 
 
 
Figure 3.3 – UV-C dose response of free-swimming P. putida CP1 (107cell/ml) in 
¼ Strength Ringers solution ( ). 
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3.1.3 UV-C disinfection of aggregated cells 
 
The response of aggregated cells of P. putida CP1 to UV-C was investigated. In 
order to produce the aggregates the cells had been grown in minimal medium with 
fructose supplied as the sole carbon source and so the response of free swimming 
cells of P. putida CP1 in minimal medium to UV-C disinfection was first 
evaluated. The effect of UV-C on the aggregated cells was determined by 
monitoring cell growth, viability and the size and composition of the aggregates. 
 
3.1.3.1 Response of free-swimming P. putida CP1 in minimal medium to UV-C 
disinfection 
 
The response of free-swimming P. putida CP1 in minimal medium to UV-C 
disinfection was investigated using two inoculum sizes – 106cell/ml and 107 
cell/ml (Table 3.6). The cells were checked periodically for growth using the 
Miles-Misra (drop-plate) technique and no growth was observed for the system 
inoculated with 10
6
cell/ml at 10 seconds (7.3 mJ/cm
2
) and for the system 
inoculated with 10
7
cell/ml growth was detected up to 30 seconds and no growth 
was detected at 60 seconds (43.8 mJ/cm
2
).  
 
Following irradiation of the cells for 10 minutes, the cells were then left in the 
dark for 24 hours. Dark repair, 6.00 (±2.00) x10
2
cell/ml, was observed when the 
inoculum size was 10
7
cell/ml but no repair was observed for the system 
inoculated with 10
6
cell/ml (Table 3.6). There was no reduction in cell numbers in 
the dark controls for a period of up to 8 hours. When the viability of the cells in 
the system with the higher inoculum was monitored, there was a drop in viability 
of the cells with time and no dark repair was observed. 
 
The inactivation curves of UV-C disinfection of 10
7
cell/ml and 10
6
cell/ml of P. 
putida CP1 in minimal medium are described in Figure 3.4. In the case of the dose 
response curve of the inoculum 10
6
cell/ml a shoulder was observed at lower 
fluence, whereas at 10
7
cell/ml the inactivation curve acquired a tailing shape at 
UV-C doses higher than 10 mJ/cm
2
. Neither tailing nor shoulder portions were 
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taken into consideration for the calculation of inactivation rates (Figure 3.4). The 
mean value of the inactivation rate of 10
7
cell/ml was 0.798 (±0.02) cm
2
/mJ while 
for 10
6
cell/ml the value was 0.797 (±0.09) cm
2
/mJ. No significant difference was 
determined for these two values (Table 3.7). When the inactivation rate for 
10
6
cell/ml was compared with the values obtained when the organism was grown 
on Ringers, Milli-Q and PBS (Table 3.4) a significant difference was determined.  
 
Table 3.6 – Number of P. putida CP1 following UV-C photolytic disinfection in 
minimal medium. 
UV-C 
treatment 
Counts 
(cfu/ml) 
Viability 
(%) 
UV-dose 
(mJ/cm
2
) 
Time  
(sec) 
10
6  
 
10
7 
 
10
7 
 
0 0 1.90(±0.27)x10
6
 2.58(±0.40)x10
7  81.62(±1.06)  
0.73 1 1.28(±0.37)x10
6
 2.42(±0.13)x10
6
 ND 
2.19 3 6.00(±2.55)x10
5
 1.48(±0.46)x10
6
 ND 
3.65 5 4.80(±1.48)x10
4
 1.92(±0.43)x10
4
 ND 
5.11 7 1.60(±1.52)x10
3
 5.80(±1.30)x10
3
 ND 
7.30 10 0.00 2.32(±0.47)x10
3
 76.27(±8.56)  
14.6 20 0.00 5.50(±1.20)x10
2  38.52(±5.15)  
21.9 30 0.00 4.43(±1.27)x10
2
 ND 
43.8 60 0.00 0.00 61.07(±8.70)  
219.0 300 0.00 0.00 47.31(±18.47)  
438.0 600 ND 0.00 0.00 
24 hours dark repair 0.00 6.00x10
2
(±2.00)  0.00 
ND: not determined. 
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Figure 3.4 – UV-C dose response of free-swimming P. putida CP1 (106cell/ml) 
( ) and (10
7
cell/ml) ( ). 
 
 
Table 3.7 – Inactivation rates for 106cell/ml and 107cell/ml free-swimming P. 
putida CP1 following UV-C disinfection in minimal medium. 
Inoculum size of 
P. putida CP1 
Inactivation rate  
(cm
2
/mJ) 
10
7
cell/ml 0.794 (±0.029) 
10
6
cell/ml 0.787 (±0.036) 
Test Between-Subjects Effects and Dependent Variable: Inactivation 
rate tested by One-way-ANOVA. Inoculum size: p=.885.  
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3.1.3.2 Growth and viability of aggregated cells following treatment with UV-C 
 
Aggregated cells of P. putida CP1 were challenged by UV-C up to 6 hours in 
minimal medium. The number of cells in the aggregates at time 0 was 6.82 
(±0.92) x 10
8
cell/ml. The response of the cells to UV-C disinfection was 
determined by culturability method using the spread-plate technique. The time to 
achieve total inactivation of aggregated cells of P. putida CP1 was found to be 
120 minutes. A rapid decay of cell survival was observed up to 30 minutes, with 
rate of inactivation k1 estimated as being 0.0048 cm
2
/mJ (Figure 3.5). From 30 
minutes and up to 105 minutes, a second and lower inactivation rate k2 was 
calculated. The k2 value was 0.0006 cm
2
/mJ and 8 times smaller than the initial 
rate (Figure 3.5). Dark repair was observed following 24 hours of incubation 
(Table 3.8). In dark control samples changes in culturability was not observed.  
 
Table 3.8 – Number of P. putida CP1 aggregated cells following UV-C photolytic 
disinfection.  
UV-C dose 
(mJ/cm
2
) 
Time 
(min) 
Counts 
(cfu/ml) 
0 0 6.82(±0.92)x10
8
 
1,314 30 2.97(±1.73)x10
2
 
1,971 45 1.42(±3.46)x10
2
 
2,628 60 6.73(±2.13)x10
1
 
4,599 105 1.16(±2.02)x10
1
 
5,256 120 0.00 
10,512 240 0.00 
13,140 300 0.00 
15,768 360 0.00 
24 hours dark repair 1.88(±2.85)x10
2
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Figure 3.5 – UV-C dose response of aggregated cells of P. putida CP1 
(~10
8
cell/ml) in minimal medium. 
 
UV-C treatment, which took up to 6 hours, did not cause changes in viability of 
aggregated cells (Table 3.9). Viability of the overnight incubated sample was not 
altered when compared to viability of untreated aggregated cells. 
 
Table 3.9 – Percentage of viable cells in aggregates of P. putida CP1 following 
UV-C disinfection. 
UV-C dose (mJ/cm
2
) Time (min) Viability (%) 
0 0 68.45(±11.68) 
7,884 180 48.42(±15.19) 
15,768 360 57.50(±9.01) 
24 hours dark repair 62.73(±9.38) 
 
3.1.3.3 Size of aggregates 
 
When P. putida CP1 was added into minimal medium containing fructose, after 
24 hours, it clumped forming aggregates. Comparatively to free-swimming cells 
(Figure 3.6a), aggregates were four orders of magnitude greater (Figure 3.6b). A 
three-dimensional structure, with curved edges, though not circular in the overall, 
with area size ranging from 10
3 
to 10
4 
µm
2
 well defines an aggregated cell.  
Examination by phase-contrast microscopy showed that they could present 
variable forms such as an elliptical shape of similar size (Figure 3.6b) or as great 
k2: y = 0.0006x + 5.5217 
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chunks (Figure 3.6c). The presence of “inclusions”, dark circular structures 
immersed within the aggregates was evident (Figure 3.6c and d). The inclusions 
were less transparent to light than the overall structure of the aggregates and with 
diameter of approximately 20 µm to 50 µm (Figure 3.6d). At 100X magnification, 
the detail of an inclusion was demonstrated as a patched of parallel and 
intercrossed patterns, resembling a ball of thread.  
 
 (a)____  (b) 
 (c)____  (d) 
Figure 3.6 – Phase-contrast microscopy at 40X of cells of P. putida CP1 in free-
swimming (a) and in aggregated form (b). Light-microscopy of aggregated cells 
of P. putida CP1 at 40X (c) and at 100X (d). 
 
The number of aggregates was distributed in ranges between 0-5,000 µm
2
, 5,000-
10,000 µm
2
, 10,000-20,000 µm
2
 and 20,000-100,000 µm
2
 during UV-C treatment. 
The results showed in Table 3.10 pointed to a reduction in the number of larger 
aggregates. Simultaneously, an increased number of smaller aggregates were 
formed. The greatest reduction in the aggregates size was observed following 1 
hour of UV-C treatment when the average size changed from 3.34 (±3.68) x 10
4 
µm
2
 to 9.36 (±9.80) x 10
3 
µm
2
. Further changes in aggregate size were more 
gradual and the changes were not significantly different for the remainder of the 
experiment (Table 3.10). Agitated and non-agitated dark controls were monitored 
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for up to eight hours. The dominant aggregate size was in the range 20,000-
100,000 µm
2
. The average aggregate size was significantly different at eight hours 
indicating that agitation did not contribute to the change in aggregate size 
observed following UV-C treatment (Table 3.11). Images of the aggregates show 
the presence of inclusions (Figure 3.7a). They too were found to be disrupted by 
UV-C treatment and are illustrated in Figure 3.7b. 
 
 (a)____  (b) 
Figure 3.7 – Phase-contrast microscopy of aggregated cells during UV-C 
disinfection at time 3 hours (a) and 6 hours (b). Arrows indicate inclusions.
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Table 3.10 – Effect of UV-C disinfection on aggregates size of P. putida CP1. Scale-bar=100 µm.  
Time 
 
Size range of aggregates  
Average 
aggregates size 
(µm
2
) 
 
Phase- 
contrast 
10X 
(h) 
0- 
5,000 µm
2
 
5,000- 
10,000 µm
2
 
10,000- 
20,000 µm
2
 
20,000- 
100,000 µm
2
 
0 
 
N
u
m
b
e
r 
o
f 
ag
g
re
g
a
te
s 
1.2(±1.3) 1.2(±1.3) 0.8(±0.4) 4(±1) 3.34(±3.68)x10
4
 
 
 
1 
 
6(±5.2) 4(±3.8) 5(±3.6) 0.00 9.36(±9.80)x10
3
 
 
2 
 
11(±5.78) 3.8(±1.94) 3.2(±1.64) 1.8(±1.64) 6.93(±7.67)x10
3
 
 
3 
 
7.6(±4.49) 5.2(±1.64) 3.4(±2.50) 1.6(±2.50) 6.03(±4.97)x10
3
 
 
6 
 
28.6(±9.8) 3.4(±1.81) 2(±1.58) 1(±1.22) 3.50(±5.54)x10
3
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Table 3.11 – Effect of agitation and non agitation on the size of P. putida CP1 aggregated cells. Scale-bar=100 µm. 
Time 
 
Size range of aggregates Average 
aggregates size 
(µm
2
) 
Phase-contrast 
10X (h) 
0- 
5,000 µm
2
 
5,000- 
10,000 µm
2
 
10,000- 
20,000 µm
2
 
20,000- 
100,000 µm
2
 
0 h 
N
u
m
b
e
r 
o
f 
ag
g
re
g
a
te
s 
0.00 0.00 0.00 1.0±(0.00)  3.27(±5.70)x10
4
 
 
 
8 h 
no 
agitation 
1.5(±1.29) 0.5(±1.0) 0.25(±0.5) 0.75(±0.95) 2.82(±1.62)x10
4
 
 
 
8 h 
agitation 
0.00 0.00 0.00 1.4(±0.89) 5.69(±2.92)x10
4
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3.1.3.4 Composition of aggregates 
 
When the mixed liquor was examined, the dry-weight of the biomass was 
0.63±0.12 mg/ml and a residual level of fructose, 3.19±0.08 mg/ml was detected. 
The total EPS detected was determined as 17.91±0.35 mg/g or 11.24±0.22 µg/ml. 
On examination, the main components of the EPS were found to be carbohydrate 
and protein. Levels of protein were higher than carbohydrate and were mainly 
present in the free-EPS. The levels of carbohydrate were similar in the bound and 
free-EPS. The levels of protein and carbohydrate in the aggregates did not change 
significantly following 6 hours of treatment with UV-C (Figure 3.8).  
 
Figure 3.8 – Biochemical analysis of carbohydrates and proteins of extracellular 
polymeric substances of aggregated cells of P. putida CP1 during UV-C 
disinfection. 
 
When calcofluor-white and FITC were used to stain the aggregates, the presence 
of carbohydrate and protein was evident. The presence of both carbohydrate and 
protein following 6 hours of treatment with UV-C was also evident using the 
stains while the size of the aggregates was clearly reduced (Figure 3.9). The pH of 
the mixed liquor was 6.7 and did not change during irradiation of the aggregated 
cells or in the dark controls. 
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 (a) 
 (b) 
 (c) 
  (d) 
Figure 3.9 – Single fluorescent staining of aggregated cells of P. putida CP1 
during UV-C disinfection at t=0 h with FITC (a), at t=0 h with calcofluor-white 
(b), at t=6 hours with FITC (c) and at t=6 hours with calcofluor-white (d).  
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3.2 UV-A/B disinfection 
 
UV-A/B disinfection was investigated as an alternative route to achieve 
inactivation of free-swimming cells of P. putida CP1 and E. coli and aggregated 
cells of P. putida CP1. The same media used in UV-C disinfection, Milli-Q water, 
Phosphate Buffered Saline, ¼ Strength Ringers solution and minimal medium (for 
P. putida CP1 only), were used in the studies. An Aceglass (Vineland, New Jersey 
USA) reactor vessel constructed of borosilicate glass Aceglass® (1  l capacity) 
together with a 400 W polychromatic medium-pressure mercury lamp with 
(λ≥300 nm) was used. The response of the cells to UV-A/B disinfection was 
monitored by determining cell number following growth and by using the 
LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
). In the case of aggregated 
cells changes in size and composition were observed using epifluorescence 
microscopy and biochemical analysis. 
 
3.2.1 UV-A/B disinfection of free-swimming cells 
 
Milli-Q water, Phosphate Buffered Saline and 1/4 Strength Ringers solution were 
inoculated with pure cultures of free-swimming E. coli or P. putida CP1 
(10
7
cell/ml), incubated with stirring and underwent UV-A/B treatment for a 
period up to 120 minutes. Samples were taken at intervals and checked for cell 
growth using the Miles-Misra (drop-plate) method. Results showed that when E. 
coli was challenged in Milli-Q water and PBS total inactivation occurred after 60 
minutes, while in Ringers disinfection was quicker and it took 15 minutes (Table 
3.12). In the case of P. putida CP1 no growth was detected at 15 minutes in Milli-
Q water and at 30 minutes in PBS and Ringer solution (Table 3.13). 
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Table 3.12 – Number of E. coli (DSMZ 498) following UV-A/B photolytic 
disinfection in Milli-Q ultrapure water, Phosphate Buffered Saline and ¼ Strength 
Ringers solution.  
UV-A/B 
treatment 
Counts 
(cfu/ml) 
Time 
(min) 
Milli-Q  
Water 
Phosphate Buffer  
Saline (PBS) 
¼ Strength 
Ringers solution 
0 5.29(±1.49)x10
7
 3.75(±0.96)x10
7
 5.58(±1.30)x10
7
 
1 6.11(±1.76)x10
7
 2.42(±0.27)x10
7
 1.86(±0.27)x10
7
 
5 8.25(±3.79)x10
6*
 2.17(±0.65)x10
7
 1.81(±0.27)x10
6
 
10 1.22(±0.31)x10
6* 
5.42(±2.19)x10
5*
 1.04(±0.90)x10
5*
 
15 2.80(±0.83)x10
5 
1.68(±0.37)x10
4
 0.00 
30 ND 2.33(±1.52)x10
2  0.00 
60 0.00 0.00 0.00 
90 0.00 ND 0.00 
120 0.00 ND ND 
*
 Presence of small-colonies-variants (SCVs). ND: not determined.  
 
Table 3.13 – Number of P. putida CP1 following UV-A/B photolytic disinfection 
in Milli-Q ultrapure water, Phosphate Buffered Saline and ¼ Strength Ringers 
solution.  
UV-A/B 
Treatment 
Counts 
(cfu/ml)  
Time  
(min) 
Milli-Q  
Water 
Phosphate  
Buffer Saline (PBS) 
¼ Strength 
Ringers solution 
0 5.55(±2.50)x10
7
 2.12(±0.26)x10
7
 1.65(±0.32)x10
7
 
1 1.66(±0.36)x10
7*
 1.56(±0.19)x10
7
 1.80(±0.34)x10
7
 
5 5.44(±1.67)x10
6*
 1.04(±0.56)x10
7*
 2.33(±1.53)x10
5*
 
10 6.50(±1.87)x10
5* 
ND ND 
15 0.00 2.67(±4.16)x10
5*
 6.16(±1.16)x10
3*
 
30 0.00 0.00 0.00 
60 0.00 0.00 0.00 
90 0.00 0.00 0.00 
120 0.00 0.00 0.00 
24 hours 
dark repair 
ND ND 1.24(±0.28)x10
3
 
*
Presence of small-colonies-variants (SCVs). ND: not determined.  
 
Dark repair and viability of P. putida CP1 were evaluated following UV-A/B 
disinfection in Ringers solution (Table 3.13). Although no cells were culturable 
after 120 minutes, the LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
) 
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detected 44% cell viability. When these cells were left for 24 hours in the dark to 
allow dark repair, repair was identified using both the plate count technique and 
the Live Dead method (Table 3.14). 
 
Table 3.14 – Reduction in the number of culturable free-swimming cells of P. 
putida CP1 obtained during UV-A/B photolytic disinfection in ¼ Strength 
Ringers solution.  
Time 
(min) 
Viable cells 
(%) 
0 81.07(±7.60) 
1 ND 
3 ND 
5 ND 
10 ND 
30 36.22(±5.01) 
60 ND 
90 ND 
120 43.43(±7.57) 
24 hours dark repair 49.63±(7.91) 
ND: not determined. 
 
Interestingly, colonies of bacteria photolysed by UV-A/B showed a small colony 
variants (SCVs) phenotype. SCVs of E. coli were manifested at 5 and 10 minutes 
in Milli-Q water, while in Phosphate Buffered Saline and in Ringers solution, at 
10 minutes (table). In the case of P. putida CP1, SCVs were observed at 1, 5 and 
10 minutes in Milli-Q and at 5 and 15 minutes in PBS and Ringers solution 
(table). Examples of SCVs in UV-A/B photolysed E. coli are displayed in Figure 
3.10. Colonies produced by the organisms in the dark controls were of normal 
size. 
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 (a) 
 (b) 
Figure 3.10 – Observation of small colonies variants (SCVs). Size of untreated E. 
coli colonies at t=0 h (a) and size of E. coli colonies following 10 minutes of UV-
A/B disinfection treatment (b). 
 
The inactivation rate (k), for each bacterium and in all three media, was calculated 
from the linear regression of the decimal logarithm of the fraction of surviving 
organisms (N0/Nt) versus time (t) of UV-A/B exposure, where:  
 
(Equation 2) Log10 N0/Nt= k  x (t), where 
 
N0 = Number of cells/ml at time “0” , 
Nt = Number of cells/ml at time t,  
k = disinfection rate= min
-1
, 
t = time (min). 
 
Figure 3.11a and Figure 3.11b display the inactivation curves of E. coli and P. 
putida CP1, respectively.  
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 (a) 
 (b) 
Figure 3.11 – UV-A/B disinfection inactivation curves of (a) E. coli and (b) P. 
putida CP1 in aqueous media. Milli-Q water ( ), PBS ( ) and ¼ Strength 
Ringers solution ( ). 
 
The mean values of the disinfection rates of free-swimming E. coli and P. putida 
CP1 in PBS, Milli-Q and Ringers solution are displayed in Table 3.15. Two-way 
analysis of variance (ANOVA) did not show any significant differences between 
the inactivation rates for the two bacteria (p=.132). However, there was a 
difference in the response of each bacterium between the media.  
 
Table 3.15 – Inactivation rates of free-swimming E. coli and P. putida CP1 during 
UV-A/B disinfection in aqueous media.  
Free-swimming 
organism 
Milli-Q 
Water 
Phosphate 
Buffer Saline 
¼ Strength 
Ringers solution 
E. coli (DSMZ 498) 0.157(±0.039)  0.170(±0.024)   0.222(±0.018)  
P. putida CP1  0.253(±0.016)  0.168(±0.014)   0.212(±0.013)  
Test Between-Subjects Effects tested by ANOVA-two-way: Organism p=.089; 
Medium p=.035; Organism*Medium p=.132.  
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3.2.2 UV-A/B disinfection of aggregated cells 
 
The effect of UV-A/B disinfection on aggregated cells was determined by 
monitoring cell growth, viability and the size and composition of the aggregates. 
Since the aggregated cells had been grown in minimal medium with fructose 
supplied as the sole carbon source, the response of free swimming cells of P. 
putida CP1 in minimal medium to UV-A/B disinfection was first evaluated. 
 
3.2.2.1 Response of free-swimming P. putida CP1 in minimal medium to UV-A/B 
disinfection  
 
The response of the free-swimming P. putida CP1 was determined by inoculating 
the photochemical reactor with two inoculum sizes, 10
7
cell/ml and 10
6
cell/ml. 
The microbial suspension was stirred into the UV-A/B reactor and sampled at 
various time intervals. The evaluation of culturability was carried out using the 
Miles-Misra (drop-plate) technique. The results obtained from UV-A/B 
disinfection of free-swimming P. putida CP1 in minimal medium are presented in 
Table 3.16. Total inactivation of P. putida CP1 free-swimming (10
6
 and 
10
7
cell/ml) occurred in 60 minutes (Table 3.16). Dark repair of P. putida CP1 
challenged in minimal medium was observed in the inoculum size of 10
7
cell/ml 
though not when the inoculum size was 10
6
cell/ml. Evaluation of viability, carried 
out for the higher inoculum size system (10
7
cell/ml), showed that no viable cells 
were detected following 30 minutes of UV-A/B exposure. Furthermore, no viable 
cells were found in the overnight dark repair samples (Table 3.16). Small-colony-
variants were also observed between 5 and 15 minutes of UV-A/B exposure in 
minimal medium. 
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Table 3.16 – Number of P. putida CP1 following UV-A/B photolytic disinfection. 
Time 
(min) 
Counts 
(cfu/ml) 
Viability  
(%) 
0 8.83(±3.76)x10
6
 1.48(±0.40)x10
7
 79.70(±6.96) 
1 7.40(±4.51)x10
6
 1.12(±0.17)x10
7
 ND 
5 2.15 (±0.35)x10
6
 3.40 (±1.25)x10
6*
 ND 
10 2.52(±0.35)x10
5*
 9.80 (±3.35)x10
4*
 ND 
15 1.22(±0.40)x10
4*
 7.60 (±3.13)x10
4*
 ND 
30 8.60(±2.30)x10
2*
 0.00 0.00 
60 0.00 0.00 ND 
90 0.00 0.00 ND 
120 0.00 0.00 0.00 
24 hours dark 
repair 
0.00 1.16(±0.41)x10
3
 0.00 
*
 Presence of small-colonies-variants (SCVs). ND: not determined. 
 
The dose-response curves of free-swimming P. putida CP1 in minimal medium 
are presented in Figure 3.12. There was evidence of shouldering at longer 
exposure times > 10 minutes. The mean values of the inactivation rate for the 
inoculum size 10
7
cell/ml was 0.147 (±0.006) min
-1
, while for 10
6 
cell/ml the value 
was 0.149 (±0.006) min
-1
 (Table 3.17). There was no significant difference 
between the two values. 
 
  
Figure 3.12 – UV-A/B disinfection inactivation curve of P. putida CP1 in minimal 
medium (10
6
cell/ml) ( ) and (10
7
cell/ml) ( ).  
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Table 3.17 – Inactivation rates for 106cell/ml and 107cell/ml free-swimming P. 
putida CP1 following UV-A/B disinfection in minimal medium.  
Inoculum size of P. putida CP1 Inactivation rate (cm
2
/mJ) 
10
7
cell/ml 0.147(±0.006) 
10
6
cell/ml 0.149(±0.006) 
Test Between-Subjects Effects and Dependent Variable: Inactivation 
rate tested by One-way-ANOVA. Inoculum size: p=.854.  
 
 
3.2.2.2 Growth and viability of aggregated cells following treatment with UV-A/B 
 
Aggregated cells of P. putida CP1 underwent UV-A/B disinfection for up to 6 
hours (Table 3.18). The initial number of cells in the aggregates was 6.82 (±0.92) 
x 10
8
cfu/ml. The response of the cells was determined using the spread-plate 
technique. There was a six log reduction in the numbers of cells in the first 20 
minutes. The cell numbers continued to fall until no growth was detected at 240 
minutes. Cells which had been treated for 6 hours showed some dark repair. The 
inactivation curve shows two stages (Figure 3.13). The first stage represents the 
immediate dramatic fall in cell numbers in the first 20 minutes and the 
inactivation constant k1 was calculated at 0.319 min
-1
. The second stage, between 
20 and 180 minutes, showed a lower inactivation rate, corresponding to a tailing 
behaviour. For this region, the calculated k2 value was 0.0036 min
-1
, 
approximately four times slower than the initial and fast-inactivation part of the 
curve. When the viability of the cells was monitored using the Live Dead stain, 
the percentage viability dropped while viable cells continued to be detected in the 
absence of growth. Cells that grew following dark repair also showed the presence 
of viable cells (Table 3.18). 
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Table 3.18 – Number of P. putida CP1 aggregated cells following UV-A/B 
photolytic disinfection.  
Time 
(min) 
Counts 
(cfu/ml) 
Viability 
(%) 
0 6.82(±0.92)x10
8
 79.55(±13.74) 
20 8.62(±12.1)x10
2
 ND 
60 1.56(±1.65)x10
2
 ND 
90 3.55(±5.02)x10
1
 ND 
180 3.17(±4.49)x10
1
 74.56(±13.40) 
240 0.00 ND 
300 0.00 ND 
360 0.00 64.53(±13.24) 
24 hours dark repair 8.8(±3.30)x10
1
 57.57(±3.76) 
ND: not determined. 
 
 
Figure 3.13 – UV-A/B disinfection inactivation curve of aggregated cells of P. 
putida CP1 (~10
8
cell/ml).  
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3.2.2.3 Size of aggregates 
 
As with UV-C disinfection, the number of aggregates in suspension were 
described in terms of size ranges of 0-5,000 µm
2
, 5,000-10,000 µm
2
, 10,000-
20,000 µm
2
 and 20,000-100,000 µm
2
 (Table 3.19). Following UV-A/B treatment, 
there was an increase in the number of smaller aggregates and in the average size 
of the aggregates. The average size was reduced from 2.76 (±6.50) x10
3
 µm
2
 at 
time 0 to 1.93 (±3.83) x 10
3
 µm
2
 following 3 hours of treatment, and finally to 
1.02 (±2.35) x 10
3
 µm
2
 after 6 hours. The presence of inclusion bodies in the 
aggregates was also noted during UV-A/B disinfection (Figure 3.14). However, 
disruption of these inclusions following six hours of UV-A/B treatment was not 
observed. 
 (a)
 (b) 
Figure 3.14 – Phase-contrast microscopy of aggregated cells of P. putida CP1 
during UV-A/B treatment at t=0 h at 10X (a) and at t=3 hours with inclusions at 
40X (b). White arrows indicate inclusions. 
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Table 3.19 – Effect of UV-A/B disinfection on aggregates size of P. putida CP1. Scale-bar=100 µm. 
Time 
 
Size range of aggregates 
 
Average 
aggregates size 
(µm
2
) 
 
Phase-contrast 
10X 
 
(h) 
0- 
5,000µm
2
 
5,000- 
10,000µm
2
 
10,000- 
20,000µm
2
 
20,000- 
100,000µm
2
 
0 
 
N
u
m
b
e
r 
o
f 
ag
g
re
g
a
te
s 
13.6(±11.32) 3(±2.23) 3.8(±4.20) 0.00 2.76(±6.50)x10
3
 
 
 
3 
 
45(±12.72) 3.5(±0.70) 1.5(±0.70) 1.0(±1.4) 1.93(±3.83)x10
3
 
 
 
6 
 
50(±10.82) 12.2(±18.57) 2.3(±0.57) 0.00 1.02(±2.35)x10
3
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3.2.2.4 Composition of aggregates 
 
When the composition of the aggregated cells was investigated during UV-A/B 
disinfection, the dry-weight was found to be 0.535±0.03 mg/ml, a residual amount 
of fructose was determined as 4.15±0.17 mg/ml and the total EPS detected was 
61.38 (±0.48) mg/g or 32.83 (±1.04) µg/ml. The components of the EPS were 
carbohydrate and protein. Carbohydrate was the main component comprising 
~80% of the total EPS at time 0. The carbohydrate was mainly in the form of 
bound EPS and the levels of carbohydrate in the bound fraction of the EPS 
increased fourfold during the six hours of UV-A/B exposure. Before UV-A/B, 
less than 20% of the total EPS was protein which was evenly distributed between 
the bound and free fractions (Figure 3.15). The levels of protein together with the 
carbohydrate in the free EPS did not change significantly during the UV-A/B 
treatment. The pH of the mixed liquor was 6.8 and did not change throughout UV-
A/B exposure.  
 
Figure 3.15 – Biochemical analysis of carbohydrates and proteins of extracellular 
polymeric substances of aggregated cells of P. putida CP1 during UV-A/B 
disinfection. 
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When the EPS was stained with a combination of FITC, calcofluor-white and 
propidium iodide, proteins and carbohydrates were the dominant components at 
time 0. Following UV-A/B treatment for six hours, an increased level DNA was 
observed suggesting an increase in the numbers of dead cells and cell lysis. The 
inclusions present in the aggregates were not stained by the fluorochromes (Figure 
3.16). 
 
 (a) 
 (b) 
Figure 3.16 – Epifluorescence multistaining microscopy of UV-A/B photolysed 
aggregated cells. At t=0 h (a) and at t=6 hours (b). 
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3.3 Photocatalytic disinfection of bacteria 
 
In this section, UV-A/B-TiO2 photocatalysis was carried out on the free-
swimming, E. coli (DSMZ 498) and both free-swimming and aggregated forms of 
P. putida CP1. The disinfection studies were conducted in a photochemical 
reactor Aceglass (Vineland, New Jersey USA) vessel with a 400 W polychromatic 
medium-pressure mercury lamp (λ≥300 nm), as was used UV-A/B studies. The 
studies were conducted in the presence of 1 g/l of TiO2. The influence of aqueous 
media was first evaluated. The response of the bacteria was determined using 
culturability and viability using LIVE/DEAD
® 
Bacterial Viability Kit 
(BacLight
TM
). The evaluation of survival of aggregated cells of P. putida CP1 was 
carried out by culturability and viability methods. Phase-contrast and 
epifluorescence microscopy was used to investigate interactions between the TiO2 
nanoparticles and the cell aggregates. 
 
3.3.1 TiO2 photocatalysis of free-swimming bacteria  
 
3.3.1.1 Evaluation of aqueous media 
 
Milli-Q water, PBS, Ringers solution and tap water were tested for their suitability 
as aqueous media. One litre quantities were placed in the reactor, inoculated with 
each bacterium (10
7
cell/ml) and 1 g/l of TiO2 and incubated, with stirring in the 
dark for a period up to 240 minutes. Samples were taken at intervals and checked 
for cell number. Unlike the previous studies, there was no significant change in 
the numbers of cells in the tap water. The other media were also found to be 
suitable and all four media were used in the TiO2 photocatalysis studies (Table 
3.20). 
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Table 3.20 – Numbers of E. coli and P. putida CP1 (~107cell/ml) after 240 
minutes of incubation in the presence of 1 g/l of TiO2 in various aqueous media.  
Organism 
 
Aqueous medium 
E. coli 
(DSMZ 498) 
P. putida 
CP1 
Milli-Q water + + 
¼ Strength Ringers Solution  + + 
Phosphate Buffered Saline (PBS) + + 
Tap water + + 
Minimal Medium (up to 6 hours) + + 
(+): not significant reduction. 
 
 
3.3.1.2 TiO2 photocatalysis of free-swimming bacteria in aqueous media 
 
In photocatalytic studies of free-swimming bacteria, the aqueous media (Milli-Q, 
PBS, Ringers solution and Tap water) were inoculated with pure cultures of each 
bacterium (10
7
cell/ml). The reactor was then incubated with stirring and 
underwent UV-A/B exposure in the presence of 1g/l of TiO2 up to a period of 180 
minutes. Samples were taken at intervals and checked for cell number using the 
Miles-Misra (drop-plate) technique. The results of photocatalytic studies of the 
free-swimming bacteria are depicted in illustrated by Table 3.21 and Table 3.22. 
For E. coli, complete inactivation was achieved in Ringers solution after 90 
minutes. In Milli-Q, Tap water and Phosphate Buffered Saline, although total 
inactivation of E. coli did not occur over the course of 180 minutes, survival was 
greatly reduced (~5-Log) (Table 3.21). In the case of P. putida CP1, total 
inactivation in Ringers took place after 60 minutes. In Milli-Q a 4-Log reduction 
of P. putida CP1 was achieved after 60 minutes and beyond that, at 90 and 120 
minutes, a statistically insignificant number of cells were detected. In Tap water 
and PBS the maximum inactivation achieved at 120 minutes was, 5-Log and 3-
Log, respectively. No further inactivation occurred in PBS even at prolonged 
exposure (180 minutes) (Table 3.22). There was no dark repair for P. putida CP1 
free-swimming cells in Ringers solution. There was no reduction in cell numbers 
in dark controls.  
  
103 
 
Table 3.21 – Number of E. coli following UV-A/B TiO2 photocatalytic disinfection in the presence of 1 g/l of TiO2 in Milli-Q water, PBS, ¼ 
Strength Ringers solution and Tap water. 
UV-A/B+TiO2 
treatment 
Counts 
(cfu/ml) 
Time 
(min) 
Milli-Q 
Water 
Phosphate Buffer Saline 
(PBS) 
¼ Strength Ringers Solution Tap 
water 
0 4.20(±1.30)x10
7
 7.50(±2.42)x10
7
 6.33(±2.96)x10
7
 4.00(±1.00)x10
7
 
10 2.80(±0.70)x10
7
 2.24(±0.63)x10
7
 1.05(±0.71)x10
7
 2.48(±0.42)x10
7
 
20 1.56(±0.41)x10
7
 6.50(±1.73)x10
6
 1.20(±0.27)x10
4
 2.10(±0.33)x10
5
 
30 2.70(±0.30)x10
6
 1.32(±0.21)x10
6
 7.20(±3.10)x10
3
 6.33(±1.53)x10
3
 
60 1.00(±0.28)x10
4
 2.20(±0.37)x10
3
 3.50(±1.27)x10
3
 1.08(±0.27)x10
3
 
90 5.20(±1.64)x10
2
 1.84(±0.30)x10
3
 0.00 7.20(±3.27)x10
2
 
120 3.00(±1.00)x10
2
 6.78(±3.15)x10
2
 0.00 5.20(±2.28)x10
2 
150 3.00(±0.57)x10
2
 4.00(±0.70)x10
2
 ND 3.86(±1.21)x10
2
 
180 ND 3.80(±1.64)x10
2
 ND ND 
ND: not determined.  
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Table 3.22 – Number of P. putida CP1 following UV-A/B TiO2 photocatalytic disinfection in the presence of 1 g/l of TiO2 in Milli-Q 
ultrapure water, Phosphate Buffered Saline, ¼ Strength Ringers solution and Tap water. 
UV-A/B+TiO2 
treatment 
Counts 
(cfu/ml) 
Time  
(min) 
Milli-Q  
water 
Phosphate Buffer Saline 
(PBS) 
¼ Strength Ringers 
Solution 
Tap 
water 
0 7.00(±4.08)x10
6
 1.46(±0.32)x10
7
 1.12(±0.33)x10
7
 4.20(±2.17)x10
7
 
10 2.05(±0.13)x10
6
 ND 4.75(±1.50)x10
6
 7.50(±3.03)x10
6
 
20 5.60(±2.61)x10
4
 4.6(±0.57)x10
6
 1.84(±0.20)x10
4
 5.00(±1.41)x10
5
 
30 ND 1.50(±0.50)x10
6 
6.00(±0.00)x10
2
 8.33(±3.04)x10
5
 
60 1.50(±0.57)x10
3
 4.00(±1.80)x10
5
 0.00 2.26(±0.49)x10
3
 
90 1.00(±1.00)x10
2
 1.57(±0.37)x10
5
 0.00 ND 
120 1.00(±1.00)x10
2
 1.86(±0.48)x10
4
 ND 4.67(±0.57)x10
2
 
150 ND 5.40(±2.30)x10
2
 ND ND 
180 ND 5.33(±1.15)x10
2
 ND ND 
24 hours dark repair ND ND 0.00 ND 
ND: Not determined.  
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When photocatalytic treatment of P. putida CP1 (10
7
cell/ml) free-swimming cells 
in Ringers solution and 1.0g/l TiO2 was evaluated using the LIVE/DEAD
® 
Bacterial viability kit (BacLight
TM
), while viable cells were detected at 30 
minutes, viability was seen to be completely lost at 120 minutes and no viable 
cells were detected following dark repair (Figure 3.17). 
 
Figure 3.17 – Percentage of survival of P. putida CP1 as determined by 
LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
) during photocatalytic 
treatment in the presence of 1g/l of TiO2 ¼ Strength Ringers Solution.  
 
The inactivation rate (k) for each bacterium was calculated by plotting the decimal 
logarithm of the fraction of surviving organisms (N0/Nt) against time (t) of UV-
A/B photocatalytic exposure, with Equation 2, where:  
 
(Equation 2) Log10=N0/Nt= k x (t), where 
 
N0 = Number of cells/ml at time “0”, 
Nt = Number of cells/ml at time t, 
k = disinfection rate= min
-1
, 
t = time (min). 
 
The inactivation curves of E. coli and P. putida CP1 in the presence of 1 g/l of 
TiO2 in the various aqueous media can be seen in Figure 3.18a and Figure 
3.18b, respectively. In Milli-Q water, Tap water and Ringers solution 
inactivation curves were not linear. The inactivation rates were calculated from 
the initial linear portion which preceded a tailing of the curve as described in  
Figure 3.18a and b. The fastest inactivation was obtained for Ringers. The data 
obtained for the response of the bacteria in PBS generated a completely linear 
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response. The inactivation rate was significantly lower than for the other 
media.  
 
 (a) 
 
 (b) 
Figure 3.18 – UV-A/B TiO2 photocatalysis inactivation curve of E. coli (a) and P. 
putida CP1 (b) in aqueous media in ¼ Strength Ringers solution ( ), Milli-Q 
water ( ), Tap water (■) and PBS ( ).  
 
Statistical analysis using two-way-ANOVA determined highly significant 
differences in inactivation rates dependent upon (1) aqueous media composition 
(p=0.000), (2) microorganisms (p=0.000) and (3) interactions between organisms 
and aqueous media (p<0.000). Post-Hoc Tukey’s test, showed that inactivation 
rates were quicker in Ringers, followed by Milli-Q, Tap water and lastly by PBS 
(Table 3.23). 
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Table 3.23 – Inactivation rates of free-swimming E. coli and P. putida CP1 during 
photocatalytic disinfection in aqueous media.  
Organism 
Milli-Q 
water 
Phosphate 
Buffer Saline 
(PBS) 
1/4 Strength 
Ringers 
solution 
Tap 
water 
E. coli 
(DSMZ 498) 
0.080 
(±0.006) 
0.034 
(±0.005) 
0.231 
(±0.004) 
0.149 
(±0.011) 
P. putida 
CP1 
0.095 
(±0.003) 
0.025 
(±0.003) 
0.187 
(±0.003) 
0.069 
(±0.004) 
Test Between-Subjects Effects tested by ANOVA-two-way: Organism 
p=.000; Medium p=.000; Organism*Medium p<.000.  
 
 
3.3.2 TiO2 photocatalysis of aggregated cells  
 
Aggregated cells of P. putida CP1 were challenged by photocatalysis. The 
aggregated cells were present in minimal medium as before and so the response of 
free-swimming cells of P. putida CP1 in minimal medium to photocatalysis was 
first determined.  
 
3.3.2.1 The response of free-swimming cells of P. putida CP1 in minimal medium 
to photocatalysis 
 
Assessment of the survival of free-swimming P. putida CP1, following incubation 
with TiO2 nanoparticles and under light conditions, was carried out in minimal 
medium. The photochemical reactor was inoculated with 10
7
cell/ml of free-
swimming bacteria P. putida CP1 and received 1.0 g/l of TiO2, then stirred and 
samples were taken at different time intervals up to 240 minutes. Survival of 
bacteria following photocatalytic treatment was assessed by culturability and 
viability methods. Results of the culturability method are shown in Table 3.24. At 
the end of 120 minutes, a 5-Log inactivation of free-swimming P. putida CP1 was 
observed. A 24 hours dark incubated sample showed the presence of the same 
number of cells. There was no significant reduction in cell numbers in the dark 
control. While the viability of the cells was reduced following treatment, a 
residual (~23%) percentage of the cells remained viable at the end of exposure to 
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photocatalytic treatment at 120 minutes and also following 24 hours of incubation 
in the dark (Figure 3.19). 
 
An inactivation curve of the plate count data showed a lag (shoulder area) of up to 
10 minutes (Figure 3.20). The value of the inactivation rate which was computed 
between 10 and 60 minutes was 0.062(±0.003)min
-1
.  Rates of inactivation in 
minimal medium and in other aqueous matrices (Milli-Q water, Ringers solution, 
PBS and Tap water) were compared by analysis of variance one-way was and 
showed a highly significant difference between the media (p<0.000). Tukey’s tes t 
classified the inactivation rate values as being quickest in Ringers solution, 
followed by Milli-Q water, then tap water and minimal medium. The slowest 
inactivation rate was obtained with PBS. 
 
Table 3.24 – UV-A/B TiO2 photocatalytic disinfection of free-swimming P. 
putida CP1 in minimal medium aqueous medium. 
Time 
(min) 
Counts 
(cfu/ml) 
0 2.58(±0.68)x10
7
 
1 6.20(±1.92)x10
6
 
3 5.80(±1.92)x10
6
 
5 6.00(±1.87)x10
6
 
10 6.00(±2.35)x10
6
 
15 3.80(±1.92)x10
6
 
30 3.40(±3.88)x10
5
 
60 9.60(±2.88)x10
2
 
90 1.20(±1.64)x10
2
 
120 1.80(±2.17)x10
2
 
24 hours dark repair 3.60(±0.27)x10
2
 
 109 
 
 
Figure 3.19 – Percentage of survival of P. putida CP1 as determined by 
LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
) during photocatalytic 
treatment in the presence of 1g/l of TiO2 in minimal medium. 
 
 
Figure 3.20 – UV-A/B TiO2 photocatalysis inactivation curve of P. putida CP1 in 
minimal medium with 1 g/l of TiO2 ( ). 
 
 
3.3.2.2 Growth and viability of aggregated cells following photocatalysis  
 
Photocatalytic treatment was performed by adding 1 g/l of TiO2 to minimal 
medium containing aggregated cells (~10
8
cell/ml). Then the cells and the catalyst 
were exposed to UV-A/B wavelengths and the reactor was sampled overtime up 
to 6 hours of exposure. The evaluation of survival following photocatalytic 
treatment was performed by culturability and viability methods. The samples were 
spread over nutrient agar plates and growth was checked following overnight 
incubation. Results which were interpreted as density of growth on the plates 
show no significant change in growth after 3 hours treatment (Table 3.25). There 
was a significant reduction in cell numbers, estimated at a 5-Log reduction, after 6 
hours treatment and a similar level of growth was observed following 24 hour 
dark repair.  
 
0 
20 
40 
60 
80 
100 
120 
140 
0 30 120 24hours 
S
u
rv
iv
al
 (
%
) 
time (min) 
Live Dead 
0 
1 
2 
3 
4 
5 
0 20 40 60 
L
o
g
 (
N
0
/N
t)
 
 
Time (min) 
y=0.062(±0.003)x; r2=0.958 
 110 
 
When cell viability of the aggregates was determined, approximately 80% 
viability was detected prior to treatment. A drop in viability to 45% was 
determined after 3 hours treatment and this level of viability did not change even 
following 24 hour dark repair (Table 3.26). 
 
Table 3.25 – Culturability of aggregated cells of P. putida CP1 during 
photocatalytic treatment. 0.1 ml spread on nutrient agar plates. 
Time 
(hours) 
Density of agar plates and pictures. 
Estimated 
Log 
reduction 
0 
TNTC all 
covered plates 
 
0 
3 
TNTC all 
covered plates 
 
0 
 
6 
 
TNTC > 300 
 
5 
24 hours 
dark repair 
 
TNTC > 300 
 
5 
 
 
Table 3.26 – Percentage of viable cells in aggregates of P. putida CP1 following 
UV-A/B disinfection as determined by the LIVE/DEAD
® 
Bacterial Viability Kit 
(BacLight
TM
). 
Time (min) Viability (%) 
0 77.48(±10.3) 
180 45.22(±11.9) 
360 50.58(±2.30) 
24 hours dark repair 45.34(±11.3) 
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The results of culturability and viability of the aggregated cells indicated that 
while there was a considerable reduction (~5-Log) in both viability and 
culturability after 6 hours treatment, total kill was not achieved.  
 
A clear association between nanoparticles and the aggregated cells was evident 
when they were observed by phase-contrast microscopy. This association made 
sizing of the aggregates difficult, however microscopic observations show a clear 
reduction in the size of the aggregates after treatment (Figure 3.21). The 
inclusions, previously observed, also showed disruption (Figure 3.22). 
Observation of the aggregates using multistaining with epifluorescence 
microscopy confirmed the close association of the nanoparticles with the 
aggregates (Figure 3.23). The presence of the nanoparticles interfered with 
observations of the biochemical components. Photocatalytic treatment did not 
alter the initial pH value (~6.7) or the initial dry-weight (1.11 ±0.06) mg/ml.  
 
 (a)  
  (b) 
Figure 3.21 – Phase-contrast of aggregated cells of P. putida CP1 at 10X 
magnification following photocatalytic disinfection at t=0 h (a) and at t=6 hours 
(b). 
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Figure 3.22 – Phase-contrast at 40X of aggregated cells of P. putida CP1 
following 6 hours photocatalytic disinfection detail of an inclusion destroyed. 
White arrow indicating inclusion semi-destroyed. 
 
 
 
Figure 3.23 – Epifluorescence multistaining microscopy at 10X of aggregated 
cells of P. putida CP1 following 3 hours of photocatalytic treatment. The TiO2 
nanoparticles interactions with aggregates are indicated by white arrows. 
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3.4 Photodynamic inactivation of bacteria  
 
Photodynamic inactivation of free-swimming and aggregated cells of P. putida 
CP1 was investigated. The response of free-swimming P. putida CP1 cells and 
aggregated cells of P. putida CP1 to Rose Bengal was studied in various media. 
The visible light source was a miniaturised LED system equipped with 100 light-
emitting diodes at 525 nm and the reactors used included disposable or glass Petri 
dishes (90 mm diameter).  
 
3.4.1 Photodynamic inactivation of free-swimming P. putida CP1 cells by 
Rose Bengal 
 
Photodynamic inactivation of free-swimming P. putida CP1 cells (10
6
cell/ml) by 
Rose Bengal (10 to 100 µg/ml) in quarter strength Ringers solution was studied in 
Petri dishes which were irradiated by an LED device and stirred. Samples were 
taken at time intervals and the maximum exposure time varied up to 120 minutes. 
Dark controls were carried out simultaneously. It was noted that the cells 
aggregated after 90 minutes incubation in both the light and dark treatments for all 
concentrations of Rose Bengal, except in the case of 10 µg/ml (Table 3.27). 
Undiluted bacterial samples were checked for growth using the drop-plate 
technique. Presence and absence of growth was noted using (+) or (-) symbols, 
and when possible, individual colonies on the drops were quantified (Table 3.28). 
The most effective concentration of Rose Bengal to enhance kill with light was 10 
µg/ml. Inactivation of free-swimming bacteria at 10 µg/ml under light conditions 
took place at 45 minutes. The bacteria were also killed in the dark controls but at a 
slower rate. There was no survival following overnight incubation with the light 
treatment. There was recovery of the cells in the dark at low concentrations but 
not at high.  
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Table 3.27 – Aggregative behaviour of free-swimming P. putida CP1 following photodynamic inactivation with Rose Bengal (0-100 µg/ml) in ¼ 
Strength Ringers solution.  
 Dose (J/cm
2
) 0 0.48 0.97 1.46 2.93 3.90 NA 
Experimental 
conditions 
Time 
(min) 
[µg/ml] 
0 15 30 45 90 120 
24hours 
dark 
repair 
 
L
ig
h
t 
0 ○ ○ ○ ○ ○ ● ● 
10 ○ ○ ○ ○ ○ ○ ○ 
50 ○ ○ ○ ○ ● ● ● 
100 ○ ○ ○ ○ ● ● ● 
 
D
a
r
k
 
0 ○ ○ ○ ○ ○ ● ● 
10 ○ ○ ○ ○ ○ ○ ○ 
50 ○ ○ ○ ○ ● ● ● 
100 ○ ○ ○ ○ ● ● ● 
Aggregation (●), no aggregation (○). 
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Table 3.28 – Photodynamic inactivation of free-swimming P. putida CP1 in ¼ Strength Ringers solution with Rose Bengal (0-100 
µg/ml).  
 Dose (J/cm
2
) 0 0.48 0.97 1.46 2.93 3.90 NA 
Experimental 
conditions 
 
Time 
(min) 
 
[µg/ml] 
0 15 30 45 90 120 
24 hours 
dark  
repair 
 
L
ig
h
t 
0 + + + + + + + 
10 + + + 4-Log reduction - - - 
50 + + + + - - - 
100 + + + + + + - 
 
D
a
r
k
 
0 + + + + + + + 
10 + + + + 2-Log reduction - + 
50 + + + + 4-Log reduction 4-Log reduction - 
100 + + + + + + - 
Growth (+), no growth (-). 
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The response of the free swimming bacterium was further investigated at a 
concentration of 10 µg/ml Rose Bengal in Phosphate Buffered Saline and in 
distilled water (Table 3.29). Aggregation was noted in PBS at 60 minutes in the 
dark with no sensitiser. There was also aggregation in distilled water with light 
and no sensitiser. There was no reduction in growth in any treatment except in the 
case of distilled water in the presence of the sensitiser (Table 3.30). There was 
however a similar response in this case in both light and dark treatments. In the 
distilled water treatment in the dark without sensitiser there was evidence of kill 
following in the sample irradiated for 60 minutes and then incubated for 24 hours. 
This was not the case for the related treatment exposed to light which may have 
been due to the aggregation of the cells in this treatment. 
 
Table 3.29 – Aggregative behaviour or free-swimming P. putida CP1 following 
photodynamic inactivation with 10 µg/ml of Rose Bengal in aqueous media. 
 Dose 
(J/cm2) 
0 0.48 0.97 1.46 1.98 NA 
Experimental 
conditions 
Time 
(min) 
 
[µg/ml] 
0 15 30 45 60 24 hours 
dark 
repair 
PBS (dark) 0 ○ ○ ○ ○ ●3.86 
(±4.50) 
x102* 
● 
PBS (light) 0 ○ ○ ○ ○ ○ ○ 
PBS (light) 10 ○ ○ ○ ○ ○ ○ 
PBS (dark) 10 ○ ○ ○ ○ ○ ○ 
Distilled water 
(dark) 
0 ○ ○ ○ ○ ○ ○ 
Distilled water 
(light) 
0 ○ ● ● ● ●7.21 
(±1.64)x
102* 
● 
Distilled water 
(dark) 
10 ○ ○ ○ ○ ○ ○ 
Distilled water 
(light) 
10 ○ ○ ○ ○ ○ ○ 
Aggregation (●), no aggregation (○). *Size of aggregates (µm2). 
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Table 3.30 – Photodynamic inactivation of free-swimming P. putida CP1 by Rose 
Bengal (at 10 µg/ml) in aqueous media. 
 Dose 
(J/cm2) 
0 0.48 0.97 1.46 1.98 NA 
Experimental 
conditions 
Time 
(min) 
 
[µg/ml] 
0 15 30 45 60 24 hours 
dark repair 
PBS (dark) 0 + + + + + + 
PBS(light) 0 + + + + + + 
PBS (light) 10 + + + + + + 
PBS (dark) 10 + + + + + + 
Distilled water (dark) 0 + + + + + +/- 
Distilled water (light) 0 + + + + + + 
Distilled water (dark) 10 + +/- +/- +/- +/- +/- 
Distilled water(light) 10 + +/- +/- +/- +/- +/- 
Growth (+), reduced growth (+/-). 
 
3.4.2 Photodynamic inactivation of aggregated cells 
 
The aggregated bacteria were present in minimal medium and so free-swimming 
cells of P. putida CP1 were first investigated for their response to Rose Bengal in 
minimal medium. The cells were exposed to the 525 nm LED system at various 
concentrations of Rose Bengal for up to 6 hours (Table 3.31). There was no 
evidence of photodynamic inactivation of P. putida CP1 free-swimming cells in 
any of the conditions tested, under light, under dark, with and without sensitiser 
and in overnight samples with and without sensitiser. Aggregation of P. putida 
CP1 in minimal medium was not observed in the presence of any concentration of 
Rose Bengal tested.  
 118 
 
Table 3.31 – Photodynamic inactivation and aggregative behaviour of free-swimming P. putida CP1 in minimal medium with 
 Rose Bengal (0-100 µg/ml). 
 Dose (J/cm
2
) 0 0.48 0.97 1.46 1.98 3.90 5.86 9.77 11.72 NA 
Experimental 
conditions 
Time (min) 
[µg/ml] 
0 15 30 45 60 120 180 300 360 24 hours 
dark repair 
 
L
ig
h
t 
0 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
10 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
50 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
100 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
 
D
a
r
k
 
0 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
10 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
50 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
100 +○ +○ +○ +○ +○ +○ +○ +○ +○ +○ 
Aggregation (●), no aggregation (○), growth (+). 
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When aggregated cells of P. putida CP1 underwent photodynamic inactivation in 
the presence of Rose Bengal (50 and 100 µg/ml) driven by irradiation of a visible 
light LED source at 525 nm there was still growth even after 6 hours irradiation. 
Growth was also observed in the 6 hours samples following 24 hours incubation 
in the dark (Table 3.32). A reduction in aggregate size was observed in the 
treatments exposed to light and the effect was most marked in the presence of 50 
µg/ml of Rose Bengal (Table 3.33). When the uptake of Rose Bengal by the 
aggregated cells was monitored spectrophotometrically it was found to be most 
significant at 50 µg/ml of Rose Bengal (Table 3.34). Images of the biomass 
observed with epifluorescence microscopy showed the attachment of the Rose 
Bengal to the aggregates (Figure 3.24). 
 
Table 3.32 – Growth of aggregated cells of P. putida CP1 following 
photodynamic inactivation with Rose Bengal (0-100 µg/ml) in minimal medium. 
 Dose 
(J/m
2
) 
0.00 1.98 5.86 11.72 NA 
Experimental 
conditions 
Time 
(min) 
 
[µg/ml] 
0 60 180 360 
24 hours 
dark 
repair 
 
L
ig
h
t 
0 + + + + + 
50 + + + + + 
100 + + + + + 
 
D
a
r
k
 
0 + + + + + 
50 + + + + + 
100 + + + + + 
Growth (+).  
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Table 3.33 – Size of aggregates in µm2 of P. putida CP1 following photodynamic inactivation with Rose Bengal (0-100 µg/ml) in minimal medium.  
 Dose (J/m2) 0.00 1.98 5.86 11.72 
E
x
p
e
r
im
e
n
ta
l 
c
o
n
d
it
io
n
s 
Time 
(min) 
[µg/ml] 
0 60 180 360 
L
ig
h
t 0 3.04(±2.63)x10
4
 4.27(±9.31)x10
4
 9.44(±1.47)x10
3
 1.03(±5.05)x10
3
 
50 1.16(±2.38)x10
6
 5.66(±5.16)x10
5
 6.14(±7.30)x10
5
 8.84(±19.5)x10
3
 
100 1.10(±0.85)x10
5
 1.63(±2.60)x10
5
 1.05±(1.55)x10
5
 4.29(±4.33)x10
4
 
D
a
r
k
 0 5.04(±3.32)x10
4
 1.28(±3.05)x10
4
 1.30(±1.37)x10
4
 1.64(±3.37)x10
4
 
50 8.12(±9.06)x10
5
 1.27(±8.12)x10
5
 3.73(±1.73)x10
5
 1.01(±1.41)x10
4
 
100 4.12(±7.58)x10
4
 1.12(±0.81)x10
5
 9.40(±110)x10
4
 5.58(±7.13)x10
5
 
 
Table 3.34 – Percentage of Rose Bengal uptake by the biomass of aggregated cells of P. putida CP1 following photodynamic inactivation in minimal 
medium. 
 Dose (J/m
2
) 0.00 1.98 5.86 11.72 
Experimental 
conditions 
Time 
(min) 
[µg/ml] 
0 60 180 360 
Light 
50 25.37±0.60 51.22±3.00 58.37±1.81 67.97±4.56 
100 4.81±0.57 15.97±10.08 13.45±0.50 13.29±2.52 
Dark 
50 35.12±1.43 56.56±4.25 51.50±0.21 58.96±5.24 
100 14.29±0.84 13.45±0.09 13.45±0.50 14.29±2.50 
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 (a)
 (b) 
Figure 3.24 – Epifluorescence microscopy of aggregated cells of P. putida CP1 
following photodynamic inactivation with Rose Bengal (50 µg/ml). At 10X at t=0 h 
(a) and at 40X at t=6 hours of incubation in the dark (b).  
 
 
In Figure 3.25 the absorption of Rose Bengal in the supernatant over-time is given. 
The absorbance ratio of Rose Bengal present in the supernatant of aggregated cells 
treated by PDI showed no changes under light and dark exposure independent of the 
concentration tested (50 µg/ml or 100 µg/ml). The analysis of absorbance ratio 
(Figure 3.26), calculated with Equation 4, indicated that the Rose Bengal was 
predominant removed by aggregated cells as a biosorptive processes. 
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Figure 3.25 – Absorption spectrum of supernatant of aggregated cells and Rose 
Bengal (50 µg/ml) upon 6 hours of photodynamic inactivation treatment.  
 
 
 
 
Figure 3.26 – Absorption ratio of Rose Bengal (50 µg/ml) in the supernatant of 
aggregated cells upon 6 hours of photodynamic inactivation treatment.  
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4 Main findings 
 
UV-C disinfection 
 
 Phosphate Buffered Saline, ¼ Strength Ringers solution, Milli-Q water and 
minimal medium were suitable aqueous media for UV-C disinfection studies. 
Tap water was not a suitable medium as it did not allow bacterial survival and 
therefore it could not be used as an aqueous medium in the UV disinfection 
studies. 
 
 The time for total inactivation of 106cell/ml of planktonic forms of E. coli and 
P. putida CP1 was less than 10 seconds using UV-C (7.3 mJ/cm
2
).  
 
 Rates of inactivation of 106cell/ml free-swimming bacteria in the UV-C 
studies in PBS, Ringers and Milli-Q water were between ~1.01 cm
2
/mJ and 
~1.14 cm
2
/mJ and were similar for E. coli and P. putida CP1. 
 
 The inactivation rate of the 107cell/ml P. putida CP1 in Ringers was 
significantly lower (~0.87 cm
2
/mJ). 
 
 Dark repair (1-Log) was observed when 107cell/ml (P. putida CP1 in 
Ringers) following 20 seconds (14.6 mJ/cm
2
) of UV-C disinfection and 
overnight incubation in the dark. Viability was partially lost (38%) after 20 
seconds of treatment and recovered (up to 86%) following overnight 
incubation. 
 
 Inactivation of free-swimming 106 and 107cell/ml of P. putida CP1 in 
minimal medium took, respectively, 10 and 60 seconds (7.3 - 43.8 mJ/cm
2
).  
The rates of inactivation for both inoculum sizes were identical ~0.79 cm
2
/mJ 
and they were significantly lower than in PBS, Ringers and Milli-Q.  
 
 Dark repair in minimal medium (2-Log) was only observed with the 
inoculum size 10
7
cell/ml, but not for 10
6
cell/ml. Viability at the end of UV-C 
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disinfection of 10
7
cell/ml in minimal medium was 47% with no recovery in 
the 24 hours dark repair sample. 
 
  Aggregated cells 108cell/ml took 2 hours (5.256 mJ/cm2) to be inactivated by 
UV-C disinfection. Dark repair was 2-Log. Viability was reduced but not 
totally lost following extensive UV-C exposure (6 hours) and, kept at the 
same level in the 24 hours dark repair sample. Aggregated cells presented 
inclusions. The initial size of aggregated cells (10
4 
µm
2
) was reduced by 1 
order of magnitude following UV-C exposure. No detectable changes in the 
carbohydrate and protein fraction of EPS were observed following UV-C 
treatment. 
 
UV-A/B disinfection 
 
 The time for total inactivation of E. coli and P. putida CP1 (107cell/ml) in 
Phosphate Buffered Saline, ¼ Strength Ringers solution and Milli-Q water 
was between 15 and 60 minutes. 
 
 Small-colony-variants occurred in all UV-A/B inactivation studies.  
 
 The rates of disinfection varied between 0.15 min-1 and 0.25 min-1. They were 
influenced by medium composition but not by microbial species.  
 
 Dark repair, evaluated for P. putida CP1 in Ringers, was detected as 3-Log. 
Viability was partially lost (43%) after 120 minutes of UV-A/B and 
recovered (up to 49%) following overnight incubation.  
 
 In minimal medium the time for total inactivation of 106 to 107cell/ml was 
between 30 and 60 minutes. There were no statistical differences between the 
rates of inactivation (0.14 min
-1
) of both inoculum sizes.  
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 Dark repair, evaluated for P. putida CP1 (107cell/ml) in minimal medium was 
3-Log. Viability was totally lost after 120 minutes of UV-A/B and it did not 
recover following overnight incubation.  
 
 Time for total inactivation of aggregated cells in minimal medium was 4 
hours. 1-Log dark repair was observed. 
 
 Minor reduction of viability of aggregated cells was observed following 6 
hours of treatment and in the 24 hours dark incubated sample. 
 
 EPS of aggregated cells presented a ratio of carbohydrates and proteins as 
4/1. The amounts of bound carbohydrates dramatically increased during UV-
A/B exposure. No changes were observed in the other components of EPS. 
 
 Propidium iodide detection increased during UV-A/B exposure indicating 
cell injury.  
 
TiO2 photocatalysis 
 
 Phosphate Buffered Saline, ¼ Strength Ringers solution, Milli-Q water and 
Tap water were suitable to host photocatalytic studies.  
 
 Total inactivation of E. coli and P. putida CP1 (107cell/ml) occurred only in 
Ringers solution following 90 and 60 minutes, respectively. In PBS, Milli-Q 
water and tap water the maximum inactivation was 5-Log which was 
achieved above 90 minutes for E. coli and 30 minutes for P. putida CP1. 
 
 The rates of inactivation of free-swimming bacteria by photocatalytic 
disinfection were between ~0.025 min
-1
 and 0.231 min
-1
. They were highly 
significantly different depending on aqueous media composition and 
microbial strain. Inactivation occurred more rapidly in Ringers, followed by 
Milli-Q, Tap water and lastly by PBS.  
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 Dark repair, evaluated in P. putida CP1 and in Ringers solution showed that 
the organism did not recover culturability after 24 hours of overnight 
incubation in the dark.  
 
 Viability decreased, evaluated for P. putida CP1 in Ringers solution, showed 
that only 3% of cells were viable following 120 minutes of treatment and they 
were not viable in the overnight 24 hours dark incubated sample. 
 
 In the presence of 1 g/l and in minimal medium, free-swimming P. putida 
CP1 did not experience culturability decay. The medium was then considered 
as suitable to host photocatalytic studies of both free-swimming and 
aggregated cells. Minimal medium exerted a highly significant influence in 
the rates of inactivation of P. putida CP1. 
 
 The maximum inactivation of 107cell/ml of P. putida CP1 by photocatalysis 
in minimal medium was 5-Log reduction following 60 minutes of treatment.  
A residual 2-Log cell number value was found up to 120 minutes of treatment 
and in the overnight dark incubated sample.  
 
 Viability of free-swimming cells of P. putida CP1 treated by photocatalytic 
treatment decreased to 23% at the end of treatment and recovery was not 
observed in the 24 hours dark incubated sample.  
 
 Photocatalysis of aggregated cells of P. putida CP1 showed a maximum 
reduction of culturability of 5-Log after 6 hours of treatment. Growth after 24 
hours of overnight incubation in the dark was observed.  
 
 Viability of aggregated cells at time 0 was reduced considerably from 77% 
down to 45% following 3 hours of photocatalytic treatment.  
 
 Although disruption of the aggregated cells was observed by phase-contrast 
microscopy, the fragmentation was not quantified as nanoparticles hampered 
sizing. 
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 An association of the aggregated cells and the TiO2 nanoparticles and 
photocatalyst was observed by both phase-contrast and epifluorescence 
microscopy. 
 
 Inclusions were present in the aggregates and there were evidence of their 
destruction following photocatalysis.  
 
Photodynamic inactivation 
 
 Rose Bengal at 10 µg/ml enhanced kill of free-swimming bacteria at 45 
minutes with light, while kill in the dark took 60 minutes. 
  
 In the dark, 50 µg/ml of Rose Bengal was the most toxic concentration tested. 
 
 No survival after overnight incubation occurred at any concentrations with 
light and at 50 and 100 µg/ml in the dark. 
 
 Free-swimming P. putida CP1 aggregated at 120 minutes under both light 
and dark conditions in all concentrations tested, except in both light and dark 
conditions with 10 µg/ml.  
 
 In PBS, PDI of free-swimming bacteria with 10 µg/ml of Rose Bengal 
showed no kill occurred in any conditions tested including the overnight 
sample. Aggregation was noted at 60 minutes in the dark with no sensitiser.  
 
 In distilled water and with 10 µg/ml of Rose Bengal, the bacterium survived 
poorly after 15 minutes. In the absence of the sensitiser the organism survived 
well up to 60 minutes. Aggregation occurred in the absence of RB after 15 
minutes of light exposure. Growth overnight was only detected in the absence 
of RB.  
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 Photodynamic inactivation was not achieved with free-swimming P. putida 
CP1 and 10, 50 or 100 µg/ml Rose Bengal in minimal medium.  
 
 PDI of aggregated cells did not take place in minimal medium w ith either 50 
or 100 µg/ml. No kill in the dark took place.  
 
 Fragmentation of aggregates occurred under light exposure alone, but not in 
the dark. Considerable disruption of aggregates occurred with 50 µg/ml of 
Rose Bengal under light exposure but not in the dark.  
 
 Changes in the size of aggregates with 100 µg/ml of Rose Bengal did not 
occur under light exposure, but size increased considerably in the dark.  
 
 Aggregated cells presented a high affinity for Rose Bengal. Decay of 
remaining colour was higher under light exposure when in comparison to 
dark exposure. 
 
 Rose Bengal was found to be a highly potent EPS marker which allowed 
visualization of EPS in both aggregated cells and free-swimming cells present 
in solution.  
  
 130 
 
 
 
 
 
 
5 Discussion 
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5 Discussion 
 
The suitability of aqueous media for ultraviolet disinfection of E. coli (DSMZ 498) 
and P. putida CP1 bacteria was investigated. To do this, five aqueous media (Milli-Q 
water, ¼ Strength Ringers solution, Phosphate Buffered Saline, tap water and 
minimal medium) were used. This variety of aqueous matrices aimed to offer a range 
of conditions to elucidate whether the medium composition interfered with the 
survival of bacteria in the dark and with light treatments. All media were found to be 
suitable except tap water. The use of buffers as aqueous environments is 
recommended in photodisinfection studies of bacteria. They act to prevent loss of 
culturability of bacteria during UV treatment. UV disinfection studies have been 
reported using sodium phosphate buffer 0.01 M (Zimmer and Slawson, 2002), 
quarter strength Ringers solution (Chan and Killick, 1995), phosphate buffer saline 
(Lakretz et al., 2010; P inggui et al., 2009) and sterile buffered water (Chang et al., 
1985). 
 
In Tap water, the culturability of both E. coli and P. putida CP1 free-swimming cells 
decreased following inoculation. Tap water is chlorinated in Ireland. According to 
the Environmental Protection Agency in Ireland, all drinking water delivered to final 
consumers ought to be chlorinated with a dose of 15 mg/min/l of chlorine 
(Environmental Protection Agency, 2011). The loss of culturability of the bacteria is 
attributed to the residual chlorine. A similar reduction in culturability of E. coli 
O157:H7 was found by Zhao and Matthews (2000) when they tested the 
susceptibility of the organism suspended in PBS with various concentrations of free-
chlorine (50-200 ppm or mg/l).  
 
Ireland et al., (1993) have suggested that tap water is not suitable for use in 
photocatalytic studies if it is not previously dechlorinated. Instead of dechlorinating 
the tap water, it was of the interest in the present work to use it in natura. In a 
hypothetical condition, where one of the photodisinfection treatments hereby 
proposed was applied as a “point-of-use” treatment to chlorinated tap water, 
dechlorination of tap water was unlikely to occur. Therefore, it was relevant to 
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evaluate the synergetic effects of this medium with the photodisinfection treatments 
proposed.  
 
Minimal medium used in this work has offered an appropriate environment to 
produce aggregated cells of P. putida CP1 in the presence of fructose. Moreover, it 
may also have played a role of a ‘simulated real water matrix’. The diverse mineral 
content of this medium includes phosphates, potassium, magnesium, sulphate and 
iron, amongst others. These components of minimal medium are in ppm fractions 
which may find similarities with the groundwater composition in Ireland 
(Environmental Protection Agency, 2006). In this way, minimal medium application 
as a possible simulated water matrix to test new photodisinfection treatments was of 
great interest. Furthermore, the use of simulated water matrices has been supported 
by previous studies (Mamane-Gravetz and Linden, 2006; Mamane-Gravetz and 
Linden, 2005). 
 
Representation of the inactivation of microorganisms is normally presented in terms 
of total number of inactivated cells per volume (Rengifo-Herrera et al., 2008; Gumy 
et al., 2006) , logarithm of the number of cells (Hara-Kudo et al. , 2006) , survival 
ratio in absolute value or percentage (Maness et al., 1999) and log of the survival 
ratio (Lakretz et al., 2010; Min et al., 2005). As it is necessary to compare the 
performance of different systems, the total number of cells plotted by either time or 
dose is a useful way to display to what extent the initial inoculum was inactivated by 
the treatment. One should note for either express ion of percentage or log reduction 
units, the extent of cells removal is not evident, as the real inoculum size variation is 
hidden by the log or percentage units’ expression. Therefore, expression of cells 
number is defended as the clearest way to demonstrate and compare various 
photodisinfection treatments efficiencies (Mccullagh et al., 2007). In this work both 
the number of cells and logarithm survival fraction, following UV treatments and 
photocatalytic disinfection, were presented. 
 
Assessment of bacterial survival following ultraviolet disinfection studies is 
traditionally performed by the evaluation of culturability (Bohrerova and Linden, 
2006b; Zimmer and Slawson, 2002). The method is widely used and standardised, 
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little biological material (sample) is needed for the analysis, and in the case of the 
pour-plate technique long incubation is possible without colony merging (Josset et 
al., 2008). The plate count technique is a prevailing tool used to isolate 
microorganisms, obtaining them in pure cultures, classifying and identifying them 
and enumerating viable cells. The method is based on the assumption that a 
microbial cell is allowed to grow on a solid medium and form one single colony. The 
capacity of a cell to grow and form a colony depends basically upon the ability of the 
growing medium to satisfy the growth requirements of the cell, the length of 
incubation time, and whether every single cells besides being viable is also capable 
to grown and form a colony (Hattori, 1988). In the present work, three variants of the 
plate count method were used: the drop-plate (or Miles-Misra), the spread-plate and 
the pour-plate technique.  
 
In UV-C studies, the pour-plate was largely employed whereas in UV-A/B and 
photocatalytic treatments the drop-plate was the most used method. This choice was 
in agreement with previous studies from Barbosa et al., (1995) which verified the 
reliability of drop-plate (Miles-Misra) in comparison to pour-plate and spread-plate 
to count E. coli and Beijerinckia derxii. The drop-plate was adequate for counting E. 
coli; however the method was not adequate to quantify cluster-forming B. derxii 
(Barbosa et al., 1995). The drop-plate method is also not recommended for counting 
microorganisms with swarming type of motility, such as Proteus mirabilis, P. 
vulgaris, and Vibrio parahaemolyticus (Herigstad et al., 2001). During the study of 
UV-C disinfection of aggregated cells, the drop-plate method was not used to 
quantify the survival of aggregated P. putida CP1. The reason was that clusters of the 
bacteria would grow and fully cover the surface of the drop, therefore not allowing 
for a more accurate estimation of the remaining number of colonies.  
 
Nevertheless, the drop-plate technique offers attractive advantages over spread or 
pour-plate techniques. For instance, less time is required to dispense drops than that 
required to spread plates, easier count of distinct groups of colonies in the drops (as 
opposed to counting contiguous numerous colonies), higher accuracy of the 
distribution of colonies in a small area of a drop when in comparison to larger areas 
 134 
 
of a plate and material saving as less plates are required for the plating (Herigstad et 
al., 2001). 
 
Although the plate count method is widely used in the evaluation of disinfection 
studies, the method presents drawbacks too. The plate count method is an indirect 
observation of the metabolism of individual bacteria; therefore the unit used remains 
as the cfu/ml (colony-forming unit). In this way, cfu/ml is only an estimation of the 
number of total organisms. It includes only those bacterial cells which are capable to 
grow and form colonies. The disadvantage of this method, when used to assess 
efficiency of disinfection, is that it underestimates the presence of ‘viable but 
nonculturable’ (VBNC) bacterial cells. VBNC cells which were injured during 
disinfection treatment and are not able to grow may remain viable and infective. 
Other disadvantages of plate counts include merging of colonies, operator-dependent 
count and deadline reading results (Josset et al., 2008).  
 
Alternative approaches include direct observation methods such as epifluorescence 
microscopy and flow-cytometry. The counts of cells in this case occur directly and 
rapid results are obtained in a semi-automated or fully-automated manner (Josset et 
al., 2008). A fluorochrome pair which is often used with epifluorescence microscopy 
is the LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
). This kit evaluates the 
membrane integrity of bacterial cells with two stains, SYTO 9 and propidium iodide. 
The kit acts in a selective way in which the live cells are stained green (SYTO 9) but 
those that have injured membranes are stained red (propidium iodide). As damaged 
membranes are often associated with viability, cells with damaged membranes are 
stained red and are considered dead. Intermediate states of staining are possible and 
they are classified as “unknown” by the kit’s manufacture’s manual 
(http://probes.invitrogen.com/media/pis/mp07007.pdf).  
 
The LIVE/DEAD
® 
Bacterial Viability Kit (BacLight
TM
) added useful information 
during the investigation of the status of the membrane of cells following incubation 
in aqueous media, photodisinfection treatment or during evaluation of dark repair.  
The method has been recommended as an additional tool to the plate count in the 
investigations of the effect of UV-C and UV-A disinfection and photocatalysis on E. 
 135 
 
coli cells (Pigeot-Rémy et al., 2012). In the case of the survival of P. putida CP1 
subsequent to the incubation in Tap water, the cells were no longer culturable and the 
Live/Dead method showed their membrane was greatly damaged. The fact that UV-
C did not completely affect membrane integrity of P. putida CP1 photolysed in 
Ringers is likely to be the reason why not all the cells were stained red at the end of 
14.7 mJ/cm
2
 of treatment. It has been demonstrated elsewhere that although UV-C 
radiation rapidly disrupts DNA integrity, cell membranes are less affected (Suehiro 
et al., 2003). They showed by using dielectrophoretic impendence measurements , 
that E. coli K12 cells, treated by 25 mJ/cm
2
 of UV-C had lost culturability although 
they presented intact cell membranes. 
 
Loss of viability of P. putida CP1 in minimal medium was caused by a prolonged 
UV-C exposure compared to exposure in Ringers. The organism lost membrane 
integrity after 10 minutes as determined by the detection of a population of orange 
and red cells. The orange emission is a feature of a mixture of green and red 
emissions and indicates membrane damage (Josset et al., 2008). Part of these 
damaged cells showed dark repair overnight. An important drawback of the 
Live/Dead method used with epifluorescence microscopy is the occurrence of 
unknown states. Berney et al. , (2007) highlighted that “unknown” states hampers 
routine evaluation of microbiological quality of water.  
 
The findings of the present work suggest that the Live/Dead method is not sufficient 
to be used as a single tool in the evaluation of damage caused to bacterial cells by 
UV-C disinfection. The extent of damage of membrane was observed to be relatively 
dependent on the dose and the medium composition. Another drawback of the 
method is that it became unreliable depending of the number of fields observed for a 
single experiment and the number of samples counted, disadvantage also noted by 
Josset et al., (2008). 
 
P. putida CP1 demonstrated dark repair. Induction of dark repair of P. aeruginosa 
has been noted by detection of the expression of the recA gene system. This took 
place after exposing of the microorganisms to UV-C fluence higher than 40 mJ/cm
2
, 
which is the standard recommended for drinking water disinfection (Jungfer et al., 
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2007). Although the authors did not discuss the recovery of culturability in their 
study with P. aeruginosa, they warn of the possibility of activation of repair systems 
in pathogenic bacteria species with relevance for drinking waters. If P. putida CP1 
had similar mechanisms of repair to that of P. aeruginosa it is possible that, at the 
comparatively lower UV dose applied to the organism, dark repair was also able to 
arise. 
 
Dark repair by P. putida CP1 was particularly evident in minimal medium. Minimal 
medium was a turbid medium with high UV absorptivity which could account for the 
protection of cells from UV-C. Even by increasing the UV-C dose delivered to 
minimal medium and free-swimming P. putida CP1, as was carried out for the 
inoculum 10
7
cell/ml, dark repair was still observed. Jungfer et al., (2007) noted that 
injured bacteria may regenerate in water distribution systems particularly when they 
are aided by shading effects such as particles, aggregation or a mechanism of 
protection in biofilms They showed that the respiratory activity of biofilm bacteria in 
a water distribution system was greater following UV-C disinfection (40 mJ/cm
2
) but 
not when chlorine dioxide was applied. They also suggested that UV disinfection 
should be applied with high standards to surface waters which are highly 
contaminated and turbid as is often the case in developing countries.  
 
The influence of inoculum size on UV disinfection has been demonstrated by 
Abshire and Dunton (1981). They studied the inactivation of various inoculum sizes 
of Pseudomonas aeruginosa 10
6
, 10
7,
 10
8 
cell/ml in saline solution and found that a 
6-Log inactivation was achieved by UV-C doses of 18, 21 and 31.5 mJ/cm
2
, 
respectively. In this study, significant statistical differences in the inactivation rates 
caused by the inoculum size were observed in Ringers though not in minimal 
medium indicating the importance of the aqueous medium in determining responses 
to photodisinfection.  
 
Both E. coli and P. putida CP1 showed a 6-Log inactivation with UV doses in the 
order 5 – 8 mJ/cm2. This was in keeping with other reports in the literature where UV 
doses to inactivate 10
6
cell/ml of planktonic E. coli by monochromatic UV-C 
radiation were established between 1 and 15 mJ/cm
2 
(Hijnen et al., 2006). Chang et 
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al., (1985) demonstrated 5 to 6-Log inactivation of E. coli (ATTCC 11229) in sterile 
buffered water after 11 mJ/cm
2
. Butler, Lund and Carlson (1987) demonstrated 
complete inactivation of an environmental E. coli isolate (10
7
cell/ml) after a 
delivered UV-dose of 7 mJ/cm
2
 and Zimmer and Slawson (2002) which showed a 5-
Log inactivation E. coli (ATT 11229) after 10 mJ/cm
2
. The response of E. coli and P. 
putida CP1 to UV-C treatment was similar. This similarity in response was also 
reported by Wu, Clevenger and Deng (2005) who showed that inactivation of 
10
9
cell/ml P. putida by UV-C, in low nutrient conditions at 14.7 mJ/cm
2
, was ~5.1-
Log while the same dose caused a 5.8-Log inactivation of E. coli.  
 
Despite the similarity between the UV-C dose needed to inactivate E. coli and that 
reported in the literature, the inactivation rates obtained in this study were higher 
than reported. Values of inactivation rate found in this present work were between 
1.1-1.3 cm
2
/mJ; while in the review of Hijnen et al., (2006) inactivation rates 
obtained during UV-C disinfection of various strains of E. coli were calculated as 
0.506±0.049 cm
2
/mJ with r
2
=0.71 (r-squared values). This difference can be 
attributed to the methodology used in the measurement of the UV-C fluence-rate. 
  
The inactivation curve of P. putida CP1 10
7
cell/ml photolysed in minimal medium 
acquired a tailing aspect at higher fluence. Mamane-Gravetz and Linden (2004) 
pointed out that tailing is often associated with clumping of the organisms which 
prevents inactivation at higher fluences or to a variation in the sensitivity to UV by 
members of the population. Minimal medium has a variety of inorganic compounds 
(calcium chloride, magnesium chloride and iron sulphate). Iron and manganese, for 
instance, interfere in the UV transmittance of water (Bitton, 1994), whereas salts of 
calcium, iron and magnesium were found to form fouling in quartz/glass sleeves of 
photochemical reactors (Guerrero-Beltran and Barbosa-Cánovas, 2004; Blatchley III, 
1997). 
 
The presence of particles such as goethite (α-FeOOH) also significantly affected UV 
disinfection of E. coli as demonstrated by Youxian, Clevenger and Deng (2005). At 
the lowest concentration (~0.2 to 2.0 µm) of goethite particles the inactivation curve 
presented tailing at higher fluence <10 mJ/cm
2
. Tailing during UV inactivation in 
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turbid waters was also observed by Cantwell and Hofmann et al., (2008). The 
authors demonstrated that during inactivation of E. coli in unfiltered river water after 
an initial 2.5-Log inactivation (99.7%) tailing occurred. Resistance of the surviving 
part of the population, which was 20% superior, was related to protection by 
aggregation of organisms to each other or to particles (Templeton et al., 2008). 
 
P. putida CP1 is an interesting environmental isolate which has been studied in the 
laboratory for a number of years. The organism is non-pathogenic making it easy to 
handle avoiding any concerns associated with working with pathogens as outlined by  
(Lewandowski and Beyenal, 2007). The bacterium aggregates when grown under 
certain environmental conditions and so is a useful model organism for studying the 
response of aggregated cells to photodisinfection. Aggregated cells tend to be more 
resistant to environmental stress than their planktonic counterparts however few 
studies have been conducted on the response of aggregated cells to photodisinfection.  
 
The estimation of the number of cells in aggregated P. putida CP1 was initially 
carried out by performing sonication, serial dilution and the pour plate method. The 
result obtained was similar to that of previous studies (Fakhruddin and Quilty, 2007). 
As a method of dispersion of aggregated cells, prior to cell counts, sonication 
presented drawbacks. The first is that after sonication, smaller aggregates were still 
present which could interfere with cell number determinations. Secondly, prolonged 
sonication time to improve dispersion of aggregates could lead to inactivation of 
some of the cells. Salhani and Uelker-Deffur (1998) warned that if sonication was 
utilized during quantitative determination of bacterial numbers in larger aggregates a  
compromise has to be made between incomplete disaggregation and destruction of 
single bacteria. Therefore, it was decided that sonication would not be used in this 
study. The size and number of the aggregates changed substantially during the UV-C 
treatment. This caused further problems in the enumeration of cells during treatment. 
Bohrerova and Linden (2006b) observed a highly variable number of cfu/ml during 
the UV-C treatment (0 and 60 mJ/cm
2
) of aggregated cells of Mycobacterium terrae 
filtered through 100-, 41- and 20 µm Nylon filters. 
  
 139 
 
The inactivation curve of aggregated cells during UV-C disinfection presented two 
regions. The first was characterized by a log-linear response with a k1 value of 0.0048 
cm
2
/mJ. The second region, above 1314 mJ/cm
2
, was characterized with a tailing 
response with a k2 value of 0.0006 cm
2
/mJ. The slower rate of disinfection of 
aggregated cells of P. putida CP1, when compared to free-swimming organisms, is in 
agreement with a recent report which found a superior chlorine resistance of 
detached biofilm clusters and biofilms when compared to planktonic cells (Behnke et 
al., 2011). The tailing observed in the inactivation curve is expected as it is a 
phenomenon in which clumped organisms are protected from radiation. For instance 
in a study from Mamane-Gravetz and Linden (2004) tailing attributed to clumping 
was observed in inactivation of Bacillus subtilis (ATTC 663) spores at fluence higher 
than 60 mJ/cm
2
. Tailing during UV-C response of aggregated cells is likely to be 
related with another factor, the size of the aggregates. As an example, Farnood 
(2005) showed that during UV-C disinfection by increasing the size of wastewater 
flocs the inactivation rate decreased. The correlation of that report with the present 
work is that at higher UV-C doses the remaining cells were most probably enclosed 
in more internal areas of larger aggregates. 
 
From the culturability data, it can be interfered that aggregated cells were not 
impenetrable to UV-C as all cells lost culturability at the end of exposure. In total an 
estimated UV-C dose of 5256 mJ/cm
2 
produced in 120 minutes by a 15 W low-
pressure mercury lamp was sufficient to inactivate aggregated cells of P. putida CP1 
(6x10
8
cell/ml). Similar resistance to UV-C doses were found in biofilm bacteria 
attached to urinary catheters by Bak et al. , (2010). In that work a collimated beam 
device coupled with one 6 W low-pressure mercury bulb emitting in the UV-C line 
was used. In that study, the bulb was placed at 9 cm of distance from the surface of 
the catheters which received a fluence-rate of 400 µW/cm
2
. In the present study the 
distance between the quartz immersion well, which separated the 15 W low-pressure 
mercury lamp from the bacterial suspension, and the outside wall of the annular 
reactor was 10 cm. The fluence-rate measured at that distance was 730 µW/cm
2
. In 
this way, considering the centimetre difference between the 9 cm distance measured 
by Back et al., (2010) and the 10 cm measured in the present work, the reactor setup 
hereby used presented roughly the double irradia nce power. In this way, the 
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inactivation of aggregated cells by UV-C was relatively more difficult than that of 
the biofilm reported by Bak et al., (2010) since both situations had a similar bacterial 
load of ~10
8
cell/ml.  
 
Viability of aggregates did not change significantly during UV-C exposure. This 
result may be explained by a number of different factors. The first is that rupturing of 
aggregates could have caused release of viable internalised cells or chunks of cells. 
That in turn could have accounted for an increase in the detection of live cells, even 
though UV-C was continuously inactivating other externally located cells. In this 
way, although cells were being inactivated, new “released cells” were increasing the 
live signal. Another factor which could have contributed to inconclusive results of 
live and dead stains and epifluorescent microscopy is the intrinsic limitations of the 
method. Epifluorescence microscopy analysis of aggregated cells registered the 
overall/averaged signal of live and dead emissions. The fact that aggregated cells had 
countless layers of cells, and that aggregates of various size were present, and that 
these cells were stained and emitted fluorescent signal simultaneously would account 
for very variable dead and live signal. This way, epifluorescent emission did not 
allow for an accurate quantitative monitoring of the percentage of live and dead cells.  
 
Even under prolonged UV-C exposure aggregated cells remained viable. P. putida 
CP1 aggregated cells, which lost their culturability during the course of UV-C 
disinfection experiments, retained their viability. This might be also explained by an 
acquired increase in resistance to UV exposure. For instance, UV-adapted cells of 
Bacillus subtilis strain MW01 were shown to have increased UV-C resistance in all 
vegetative stages of growth and sporulation in relation to the control strain DE69 
(Wassmann et al., 2011). 
 
The distribution of the live and dead populations within the aggregate was not clearly 
identified by the epifluorescence microscopy method employed. In previous 
research, Chen, et al., (2007) demonstrated that the distribution of live and dead ce lls 
in aerobic granules changed with the size of the aggregates. For instance, aggregates 
of diameter <1000 µm presented fair amounts of dead and live cells throughout their 
structures. In opposition to this, greater aggregates presented more dead cells at the 
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core of their structure and both live and dead cells at the periphery. In the present 
study, there was no evidence that a standard distribution of live and dead cells 
occurred. For a more in depth study of the distribution of live and dead cells in 
aggregated cells of P. putida CP1, further studies would be required.  
Information which was taken from the epifluorescent analysis is that part of the 
population remained viable after the treatment and overnight incubation. The 
usefulness of the epifluorescence method has previously been demonstrated for the 
analysis of viable and non-viable cells of bacterial in biofilm attachment to 
percutaneous implants (Oka et al., 2008). In that study it appeared that only a few 
layers of cells were formed. Therefore, the visualization of single live and dead cells 
was feasible. But in the case of three-dimensional and more in depth structures, such 
as aggregated cells, the signal may be obscured by the successive layers of cells. 
Therefore, other microscopic methods may provide more detailed information. That 
way, in order to monitor the extent of UV-C damage caused to different depth sectors 
of the aggregates, confocal microscopy would be a more adequate method.  
 
The aggregated cells were embedded in a matrix of extracellular polymeric 
substances or EPS. The matrix allows cells to be highly protected from UV, chlorine 
and other potential point-of use disinfectants. The importance of this resistance of 
aggregated cells is that, even if UV treatment is applied to a water supply, cells 
embedded in EPS, could remain alive in the water. Aggregation of P. putida CP1 
was a factor which decreased UV-C disinfection efficiency in comparison to free-
swimming cells of the organism. This result corroborates the findings of previous 
works in this field which stated that aggregation impairs disinfection (Bichai et al., 
2011; Bohrerova and Linden, 2006a).  
 
Likewise biofilms, cells in aggregates are communities united by and embedded in 
an EPS matrix. The difference then is that aggregated cells are free-floating in the 
medium whereas biofilms are actually attached to a surface. Another essential 
difference is that in the environment biofilms are formed of multispecies. Moreover, 
there are differences regarding aging, layers and cell communication which is 
expected to be more complex in biofilms. However, from a biomechanical 
perspective, leaving aside ecological interactions, in both cases inner cells are more 
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protected from environmental stressors. Ultimately, aggregated cells and biofilm 
cells have an overall higher chance of survival when compared to free-swimming 
counterparts.  
 
In this study, UV-C disinfection was found to cause disruption of aggregated cells. 
Disruption was not observed when the aggregated cells were stirred in the dark, 
which indicated that the aggregated bacterium presented some level of resistance to 
shearing forces. Heterogeneity was a feature of size distribution of intact aggregated 
cells of P. putida CP1 that was grown overnight in fructose and minimal medium. 
Phase-contrast microscopy showed average aggregate sizes of ~33,000 µm
2
 (3.3 
mm
2
) with dimensions of ~700 x 300 µm (length x width). The size of the aggregates 
was very variable which was also observed by Stoodley et al., (2001) when studying 
detached clumps of biofilm. As mentioned earlier the aggregated cells of P. putida 
CP1 were more difficult to inactivate than free-swimming bacteria. One of the 
reasons that confer higher resistance on aggregated forms of microbial species is the 
size of the aggregate (Behnke et al., 2011). 
 
During the first hour of UV-C treatment aggregate size was greatly reduced as was 
culturability. During the second hour, the average size remained unaltered and 
culturability decreased only slowly. The meaning of this finding is that during the 
first hour, single free-swimming cells among the aggregates, together with cells at 
the surface of the aggregates were inactivated by UV-C. The remaining cells, which 
were still culturable in the second hour, were probably the ones which were located 
in the depth of the aggregates. They were protected by many layers of external cells, 
by EPS and by minimum medium salts. That is the reason why they took longer to be 
inactivated. It is clear as well, that these cells were likely to be located inside 
aggregates of greater size (>10
4
 µm
2
) which were gradually disrupted by UV-C 
action during the first hours of treatment. As it has been observed from the data, in 
the second hour of treatment the average size of aggregates present was of smaller 
dimensions. Therefore the UV-C prolonged exposure during the second hour was 
enough to cross the smaller aggregates (>10
3
 µm
2
) reaching in depth protected cells.  
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During UV-C disinfection, both the free-swimming cells and the aggregated cells  
may have benefitted from the presence of cell debris from other photolysed cells. 
That debris could act as a carbon source and a physical barrier to UV. Regrowth or 
support of microbial growth by free-swimming cells following UV-C disinfection 
was observed by Tang, Dziallas and Grossart (2011). The authors treated freshwater 
zooplankton and bacteria applying UV dose of ~1.0 x10
4 
mJ/cm
2
. In that work, dark 
repair was evaluated after 2 or 3 days and there was a positive correlation between 
free-swimming recovery and presence of zooplankton. Bacterial recovery was 
significant in the presence of zooplankton and the authors attributed that to 
protection by aggregation and use of debris of the zooplankton as carbon source to 
aid in recover after UV treatment. 
 
As mentioned before, the size of the aggregates of P. putida CP1 in this study was in 
the range ~700 x 300 µm (length x width). This is much smaller than aerobic 
granules of SBR (sludge-blanket reactor) where the diameter was found to be 
between 0.3-5.0 mm (Toh et al., 2003). However, much larger than wastewater flocs 
which ranged between 45 to 150 µm (filtered fractions) (Farnood, 2005) and 
aggregates of single species, such Mycobacterium terrae, which ranged up to 
approximately ~100 µm (filtered fractions) (Bohrerova and Linden, 2006b). 
 
The aggregates were found to harbour inclusions of approximately 50 µm of 
diameter. These structures which were more evident during UV-C treatment were 
also disrupted following the treatment. P. putida CP1 aggregates when grown on 
fructose but not on glucose. The formation of the inclusions is thought to be 
associated with fructose metabolism and substrate induced stress. The inclusions 
were not stained by the fluorochromes used during epifluorescence analysis. 
Calcofluor-white targeted β-polysaccharides, while FITC stained proteins (Chen et 
al., 2007). This finding, while preliminary, suggests that carbohydrate and protein 
were not major components of these structures.  
 
Quantification of both free and bound EPS fractions of aggregated cells was carried 
out during UV-C disinfection. The findings revealed that the EPS was composed 
mainly of protein followed by carbohydrates. That is expected from EPS 
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composition of microbial aggregates (Sheng et al., 2010). However, EPS is known to 
vary immensely according to various features, such as microorganism species, 
shearing forces, nutrient and temperature conditions (Flemming and Wingender, 
2010), analytical methods, growth conditions, bioreactor (Sheng et al., 2010) and 
extraction methods (Eboigbodin and Biggs, 2008). The amount of total carbohydrate 
(7.62 mg/g) and proteins (10.65 mg/g) present in aggregated cells of P. putida CP1 
were consistent with other research, which found overall summed amounts of 
carbohydrates and proteins similar to those of the present research (Scott et al., 
2005). 
 
Biochemical analysis of EPS components showed no detectable changes in the 
carbohydrate and protein fractions following UV-C treatment. However, rupturing of 
the aggregates is an indication that UV-C caused structural changes of the EPS. In 
their paper, Espeland and Wetzel (2001) discussed denaturation of enzymes in 
biofilms upon absorption of UV-A and UV-B wavelengths. To support this finding 
they mentioned that according to Voet and Voet (1995) energy required to denaturate 
proteins is ~0.4 kJ/mol, whereas hydrogen bonds are broken by energy of about 20 
kJ/mol (Voet and Voet, 1995). In addition, wavelengths between 300-700 nm have 
energy of 150-400 kJ/mol (Schwarzenbach, Gschwend and Imboden, 2002). 
Therefore, it is rational that UV-C photons, with shorter wavelengths and higher 
energies, may cause both protein denaturation and hydrogen bonds breaking. UV-C 
disinfection is efficiently absorbed by organic compounds with unsaturated bonds 
and which are composed of conjugated bonds. When a UV-C photon hits an electron 
of the conjugated bond, it is excited to a higher energy level (Cutler and Zimmerman, 
2011). The destabilization of the electron-pair may distress the whole molecular 
structure and, therefore, cause conformational changes (Jagger, 1967).  
 
The rupture of the EPS matrix of aggregated cells of P. putida CP1 supports previous 
research in the area which links absorption of UV radiation and EPS destruction. For 
instance, Lakretz, Ron and Mamane (2011) have shown that treatment of biofilms of 
Pseudomonas aeruginosa with UV/H2O2 prevented further colonization and 
disorganised the biofilm structure.  
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Another component of the EPS matrix which has an important structural role is 
extracellular DNA or eDNA (Flemming and Wingender, 2010). Data available from 
research conducted in this laboratory has found the presence of eDNA (extracellular) 
in aggregated cells of P. putida CP1, however, in lesser amounts than the protein and 
carbohydrate fractions. One possible further explanation for the disruption of 
aggregated cells of P. putida CP1 upon UV-C exposure is the alteration of the 
molecule of eDNA, and therefore their functions.  
 
As distinct from UV-C disinfection, which showed quick inactivation rates in the 
order of seconds, the time taken to inactivate bacterial cells by UV-A/B disinfection 
was longer and took in the order of several minutes. These findings are supported by 
other studies which confirm that in fact UV-C has a superior bactericidal action 
(Pigeot-Rémy et al., 2012) to UV-A and UV-B alone. As demonstrated by its 
emission spectrum, the medium-pressure mercury lamp used in the present work, to 
irradiate bacterial suspensions, produced multiple wavelengths in the UV-B, UV-A 
and the visible area. As the bulb was immersed in a Pyrex glass well, to allow 
cooling, wavelengths emitted bellow 300 nm, if any, were blocked. Therefore, even 
if UV-C germicidal radiation was produced by the medium-pressure bulb, it did not 
photolysed bacteria.  
 
Under UV-A/B exposure damage to microbial cells was less likely to be caused by 
DNA photon absorption. Rather, cell membranes and proteins, which are targets of 
UV-A/B radiation, were more likely to be affected. That would be one of the reasons 
why the rates of disinfection of UV-A/B treatment were found to be different from 
what was reported in the UV-C section. Another significant point is the power and 
intensity of the lamps. Even though the power (400 W) and the intensity of UV-A/B 
lamp was greatly superior to the power and intensity of UV-C lamp (15 W-0.730 
mW/cm
2
), the most harmful effect-related to quicker loss of culturability was 
observed when the bacteria were exposed to UV-C germicidal wavelength. The 
medium-pressure mercury lamps required more electrical energy to be driven than 
the low-pressure UV-C lamps. But although UV-A/B lamp produced more intensity, 
and therefore more photons of energy, it was less efficient than the UV-C reactor to 
inactivate free-swimming cells. That difference is attributed to the energy of UV-C.  
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Direct exposure to UV-A may cause damage to bacteria by delaying growth and 
inducing cell membrane damage (Byrne et al., 2011). Direct damage caused by 
exposure of bacteria to UV-A/B has been proposed as an effect of reactive oxygen 
species (ROS). Such species are generated from dissolved oxygen in water reacting 
in photochemical pathways with photosensitised intracellular molecules, and/or 
naturally occurring dissolved organic matter which can absorb between 320-400 nm 
(Byrne et al., 2011). Sinha and Harder (2002) explains that UV-A causes 
photosensitising reactions with DNA sub-products and subsequently secondary 
damage to DNA by generation of reactive oxygen species and singlet oxygen.  
Furthermore, direct damage of enzymes by UV-A and UV-B has been reported by 
Espeland and Wetzel (2001).  
 
When the inactivation rates of E. coli and P. putida CP1 by UV-A/B disinfection 
were compared, the response between the organisms was similar. Nevertheless, 
aqueous media caused high significant levels of differences between the inactivation 
rates by UV-A/B. Aqueous media composition has been shown to exert an influence 
on the response of bacteria to UV-A disinfection (Fernández and Pizarro, 1999) and 
solar disinfection (Rincón and Pulgarin, 2007). For instance, the protective effect of 
saline NaCl and/or MgSO4 salts has been demonstrated during UV-A disinfection of 
Pseudomonas aeruginosa by Fernández and Pizarro (1999). Their study showed that 
at low concentrations these salts could protect bacteria from osmotic stress and were 
more resistant to UV-A than bacteria incubated in aqueous media without salts. In 
parallel to that, in the present study, inactivation of free-swimming bacteria took 
place at lower rates in PBS. One possible explanation for the lower rate of the 
response in PBS is that the presence of phosphates contributed to osmotic balance 
and that in turn delayed the disruptive effect of UV-A and UV-B wavelengths.  
 
Phosphate ions are capable of UV absorption and therefore act as sunblock to 
bacteria. In addition, their presence has shown to decrease photocatalytic disinfection 
efficiency (Rincón and Pulgarin, 2004b). The reason has been related to the 
supportive effect these ions had in bacterial growth and by serving as a source of 
nutrient (Sathasivan et al., 1997). In a comparison with Ringers solution, also a 
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buffered environment, the same protective effect was not provided to cells. The 
results presented with Ringers and PBS are in agreement with Rincón and Pulgarin 
(2007) who showed that E. coli incubated in phosphate buffered saline demonstrated 
a slightly higher resistance to action of solar disinfection (which includes UV-A 
region), than when challenged in buffer KCl/NaCl solution or in Milli-Q water. In 
this later medium, the UV-A solar disinfection had the quickest inactivating effect. 
The authors did not particularly mention that KCl/NaCl were involved with 
photosensitised reactions, but they noted that other ionic material could react with 
light and oxygen to form reactive oxygen species and that could improve disinfection 
rates (Rincón and Pulgarin, 2007). In this present work, it seems that synergistic 
effects of PBS ions were more protective to cells than in Ringers solution. 
Photochemical reactions between the ions present in Ringers could have enhanced 
generation of ROS and contributed to a higher rate of inactivation in this medium.  
 
In this work, SCVs were observed after UV-A/B exposure of both free-swimming E. 
coli and P. putida CP1 which is in agreement with findings of previous studies 
(Pigeot-Rémy et al., 2012; Robertson et al., 2005). Robertson, Robertson and 
Lawton (2005) who demonstrated the formation of SCVs in E. coli and P. 
aeruginosa following UV-A exposure, but not when TiO2 was added to the microbial 
suspension, confirm the findings of the present work. P igeot-Rémy et al., (2012) 
have also noted the same observation.  
 
Dark repair took place when P. putida CP1 was challenged in Ringers solution by 
UV-A/B treatment. The inoculum size applied to the aqueous media 
(~10
7
=10,000,000cell/ml) could have afforded protection by shielding part of the 
cells from receiving a sufficient UV-A/B dose required to achieve complete 
inactivation. That is in agreement with the results of viability studies which showed 
that at the end of 120 minutes of exposure part of the cells still had their membrane  
integrity preserved. Furthermore, P. putida CP1 may possess a mechanism for dark-
repair similar to that observed in P. putida laboratory strain 2IDINH and 
Pseudomonas sp. strain MF8 which demonstrated dark repair following UV-B 
inactivation (Zenoff et al., 2006). 
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UV-A/B response was delayed in minimal medium when in comparison to the 
response in relatively more transparent Ringers solution, PBS and Milli-Q water. The 
presence of minerals is likely to have played a major role in such delayed response. 
Presence of mineral particles has influenced UV penetration in water (Mamane-
Gravetz et al., 2006). Depending on the composition, concentration, light properties 
and size, partic les may be potentially antagonistic to UV disinfection of 
microorganisms (Youxian et al., 2005). Besides shielding the suspended 
microorganisms, the attachment of free-swimming cells to minimal medium particles 
cannot be ruled out as an extra mechanism of protection. In phase-microscopy 
analysis, while Milli-Q, Ringers and PBS rarely presented particulate matter, 
minimal medium showed the presence of a heavy reticulated net of minerals which 
could have helped the bacteria to protect against UV exposure.  
 
Robertson and Lawton (2005) found that in 120 minutes the inactivation of E. coli by 
UV-A+TiO2 photocatalysis was 4-Log, whereas the inactivation by UV-A alone (λ> 
330 nm) was higher, 5-Log. Likewise, in that study the inactivation of P. aeruginosa 
was 4-Log by photocatalysis and 6-Log by UV-A/B. As observed in the present work 
for similar inoculum size of bacteria, the action of UV alone in that study was 
superior to the action of photocatalytic treatment. The rates of disinfection in the 
present work were superior most probably because of the extension of the 
wavelength lamp emission in the UV-B region. 
 
In this work, after 120 minutes of UV-A/B exposure, 40% of P. putida CP1 cells 
were not viable in Ringers, while at this time viability of this organism had been 
completely lost in minimal medium. The difference between the two levels of 
inactivation in Ringers and in minimal medium may be related to the diverse ionic 
composition of the aqueous environment. For example, as explained before , minimal 
medium could have caused extra-damage because its ions could have allowed, in the 
presence of oxygen, the production of ROS (reactive oxygen species) (Rincón and 
Pulgarin, 2007), while the same phenomenon did not take place in Ringers. They 
also suggested that Fe present in aqueous media acted as a photosensitiser.  
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The inactivation curve of aggregated cells during UV-A/B disinfection presented two 
regions. The first characterized by a log-linear response with value of k1= 0.3194 
min
-1
. The second region characterized as a tailing of k2= 0.0036 min
-1
. The dual 
pattern of response to disinfection was similar to that observed for UV-C. Depending 
on factors related to the sensitivity of the organism tested, the response-curve may 
not totally fit a log-linear correlation. Inactivation of microorganisms however does 
not always follow a log-linear of first-order of kinetics relationship and deviations of 
the Chick-Watson kinetics model may occur (Hijnen et al. , 2006; Mamane-Gravetz 
and Linden, 2005; Min et al., 2005; Haas, 2002). For instance, a delayed response to 
disinfection occurs at low UV fluence (dose), causing a ‘shoulder’ effect; whereas a 
tailing is observed when no further inactivation occurs at higher doses (Mamane-
Gravetz and Linden, 2005).  
 
As evidenced by phase-contrast microscopy, heterogeneicity was a feature of the 
distribution of aggregated cells of P. putida CP1. In a study conducted by Kollu and 
Örmeci (2012) flocculation resulted in a scattered UV dose response of E. coli. The 
reason was that the presence of particles and flocculation made the system very 
heterogeneous. Likewise, in the present study, the presence of particles (such as in 
minimal medium) and flocs (such as aggregates of P. putida CP1) makes the liquor 
of aggregated cells a very heterogeneous system which would have accounted for the 
scattering, that is variable counts of colonies, in the UV response. Another factor 
which makes a flocculated microbial system highly heterogeneous is the mixing 
during UV disinfection, which could allow flocculation and defloculation and in turn 
random protection from UV by embedded microbes (Kollu and Örmeci, 2012). 
 
Like in UV-C, during UV-A/B studies aggregated cells of P. putida CP1 presented 
part of the population as dead cells. However most of the cells were viable. By 
analysis of epifluorescence microscopy of aggregated cells a pattern of distribution in 
viable and non-viable cells was not observed. Monier and Lindown (2003) noticed 
the aggregates of Pseudomonas syringae formed on bean leaves did not follow any 
particular pattern. They found that non-viable cells were sometimes located on the 
surface of aggregates, or forming microcolonies-type structure within an aggregated 
and localized either on the edges or in the centre of the aggregates. They 
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hypothesised that successive episodes of stress, dead and re-growth of survival cells 
at the surface of the aggregates could cause such pattern of dead micro-colonies 
distribution. On the other hand, aggregated cells of P. putida CP1 were not allowed 
to grow for more than 24 hours. In this way this organisational pattern distribution of 
dead cells, perhaps, was not allowed to form, therefore suggesting that they could 
have assumed rather a random distribution within the aggregates.  
As culturability results showed no survival of colonies was found after 4 hours of 
UV-A/B exposure. That means that following UV-A/B studies all the cells embedded 
in aggregates received a dose of radiation sufficient to inhibit their survival. With the 
help of Live/Dead analysis, it has been observed that viable cells remained after UV-
A/B treatment after 6 hours and in the overnight dark repair sample. The regrowth 
overnight then was expected to occur.  
 
In UV-A/B studies aggregated cells of P. putida CP1 presented a size of 1 order of 
magnitude smaller than in UV-C studies. Another intricate difference between 
aggregated cells produced for UV-A/B inactivation studies is that they presented a 
high amount of bound carbohydrate. To explain the reason for smaller aggregated 
cells produced during UV-A/B studies: two hypothesis were raised: the first was that 
the smaller size of aggregated cells in UV-A/B studies was a results of random 
process of the production of aggregated cells of P. putida CP1, and therefore this 
system has intrinsic variability. The second was that the higher amount of bound-
EPS produced could actually have altered the aggregation of the aggregated cells of 
P. putida CP1. Although neither of these hypotheses has been examined for their 
impact on the size of aggregated cells , it was of interest in this study to highlight the 
occurrence of variability of the size of the aggregated cells between 
photodisinfection runs. As P. putida CP1 is suggested as a model to test 
photodisinfection studies, the variability of the aggregates produced is a factor that 
should be taken into account when protocols with P. putida CP1 aggregated cells are 
reproduced. 
 
Hydrophobic particles are thermodynamically unstable and aggregate irreversibly 
over time (Boardman and Kelley, 2002). The presence of a high carbohydrate-acidic 
fraction and humic acids in the EPS of river water flocs was responsible for a more 
 151 
 
negative overall charge of the flocs. That in turn caused lower hydrophobicity and as 
a consequence it did not favour aggregation (Droppo et al., 2009). In this way, the 
presence of a high quantity of carbohydrates in bound-EPS may partially address the 
smaller size of aggregated cells of P. putida CP1 produced for UV-A/B studies. 
Contrary to what was observed in aggregated cells of P. putida CP1, in other 
biological systems in which EPS have a major participation, such as environmental 
biofilms, the carbohydrate fraction present was only a minor component (Flemming, 
2009). 
 
Following UV-A/B exposure, the number of smaller aggregates increased. As in UV-
C studies, inclusions bodies of aggregated cells were also present during UV-A/B 
disinfection. Those were not noted to be disrupted as previously observed in UV-C 
studies. The presence of inclusions could have afforded to block part of the UV-A/B 
wavelengths to reach more internal located cells within the aggregates. They could 
have offered an extra protection to these cells and their composition, formation and 
function are suggested to be determined by future research. The multistaining pattern 
of aggregated cells during UV-A/B disinfection shifted from light blue-green colour 
(of FITC and Calcofluor-white), indicating carbohydrate and protein detection, to 
more red/pinky emissions (of propidium iodide). The increased detection of 
propidium iodide in UV-A/B treated aggregates indicated that membrane injury in 
aggregates had increased during UV treatment.  
 
The values of pH, dry-weight and fructose consumption during UV-A/B studies were 
regular over time. No changes in the pH indicated that the H
+ 
concentration over time 
was constant. Therefore, hydrolysis, disinfection or biodegradation of the biomass 
generating new acidic compounds was not readily detected. Despite that, minimal 
medium was buffered and even if changes in the proton concentration occurred they 
did not occur to a highly significant level.  
 
In the dark, the free-swimming E. coli (DSMZ 498) and P. putida CP1 survived well 
in all the aqueous media, including tap water, when present with TiO2. Survival of E. 
coli in Ringers and TiO2 was also found by previous research (Tim Cushnie et al., 
2009; Rincón and Pulgarin, 2007). Interestingly those studies also observed survival 
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of the organism in Milli-Q and TiO2 (Tim Cushnie et al., 2009; Rincón and Pulgarin, 
2007). Interestingly, the bacteria did not die-off when incubated in autoclaved tap 
water and in the presence of TiO2 photocatalyst. This finding was also observed in a 
previous work by Rincón and Pulgarin (2004b). In that study the authors explain that 
anions can interact with the TiO2 surface at different levels according to their 
composition. In the case of tap water it is possible that chlorine residuals were 
quenched by TiO2 explaining the inactivity of the killing effect of tap water 
previously observed in the absence of the catalyst.  
 
The response of free-swimming bacteria to photocatalytic treatment with 1 g/l of 
TiO2 was dependent upon aqueous media composition. This is in agreement with 
previous research (Tim Cushnie et al., 2009; Rincón and Pulgarin, 2007; Mccullagh  
et al., 2007; Gogniat et al., 2006; Rincón and Pulgarin, 2004b). The fastest 
inactivation was observed for both organisms in Ringers which is an isotonic 
environment. It has been suggested that in an isotonic medium bacteria are protected 
against osmotic stress. Therefore they are more resistant against oxidant attack, and a  
larger number of reactive oxygen species are required to attack cells (Dunlop et al., 
2002). For this reason, in Ringers a delay in the initial rate of disinfection was 
expected to occur. Nevertheless, sodium chloride present in Ringers enhances 
interaction between the bacterial cell wall and the photocatalyst TiO2, which in turn 
enhances rate of photocatalytic disinfection (Gogniat et al., 2006). The reason is that 
the bacteria closer to the sites of 
•
OH and other radicals generated during the 
photocatalytic process will be more effectively damaged (Gogniat et al. , 2006). This 
interaction between the bacterial cell and the catalyst enhanced the rates of 
disinfection in relation to other media, not only in Ringers solution, but also in saline 
(0.9% NaCl) as demonstrated by previous work (Tim Cushnie et al., 2009). There is 
also a probability of hypochlorite generation from the oxidation of Cl
-
, which could 
have enhanced the inactivation effect in Ringers (Tim Cushnie et al., 2009). 
 
Conversely, PBS is an aqueous medium which did not facilitate photocatalytic 
disinfection. As explained before, in UV-A/B disinfection, this effect is partially due 
to the supportive effect of phosphate ions on bacterial growth (Sathasivan et al., 
1997) , and to the capacity of UV absorption by phosphates (Rincón and Pulgarin, 
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2004b). More importantly however is the antagonistic effect of phosphate ions to the 
attachment of bacteria to TiO2 nanoparticles (Gogniat et al., 2006). The reason for 
that has been postulated by Rincón and Pulgarin (2004b); as the phosphates associate 
with the catalyst surface, a negative layer is formed around the nanoparticles so that 
the catalyst repulses bacteria. Furthermore, the phosphates hamper disinfection 
efficiency of photocatalysis because they can act as a scavenger of 
•
OH radicals 
(Rincón and Pulgarin, 2004b). Milli-Q water did not enhance the rates of disinfection 
as was observed in Ringers but it also did not hamper the inactivation as was the case 
in PBS.  
 
When TiO2 was added to the tap water a decrease in the photocatalytic efficiency, 
compared to the inactivation in Ringers and Milli-Q water, was observed. It is 
possible that chlorine anions were adsorbed onto TiO2 nanoparticles therefore 
decreasing the sites available for binding the bacteria and therefore by decreasing 
photocatalytic activity (Rincón and Pulgarin, 2004b). 
 
Minimal medium had a more complex composition of minerals than PBS. The rate of 
photocatalytic disinfection in minimal medium was superior to the rate in phosphate 
buffered saline. As explained earlier, phosphates protect the microbial cell by acting 
like shields for UV. Moreover these ions support cell growth and in turn enhance 
endurance to photocatalytic treatment. Besides, in minimal medium, ROS generation 
may play a significant role.  
 
UV photocatalysed suspensions of bacteria took longer than 24 hours to grow in agar 
plates. This slow growth of colonies in the presence of TiO2 needs to be considered 
when calculating survival (Tim Cushnie et al., 2009). Furthermore, the emergence of 
small-colony-variants was not observed in photocatalytic studies. (Robertson et al., 
2005) It has been also suggested that the addition of the catalyst could prevent 
selection of a resistant mutant phenotype (Robertson et al., 2005). 
 
Initial investigations in this study tested the efficiency of photocatalytic inactivation 
with various concentrations of TiO2 (0.2-2.0 g/l). When below 1 g/l of TiO2 (e.g. 0.2 
and 0.5 g/l) or above (e.g. 1.5 g/l or 2.0 g/l) were investigated, kill was not as 
 154 
 
efficient as with 1 g/l TiO2. Thus, 1 g/l was chosen as the most suitable concentration 
to induce the maximum rate of photocatalytic inactivation with the UV reactor used 
in this work.  
 
The concentration of TiO2 is positively correlated with bactericidal activity up to 1g/l 
(Maness et al., 1999). Cho et al., (2004) demonstrated that E. coli inactivation 
efficiency was dependent upon the concentration of TiO2 but also that it did not 
occur in a proportional matter. This author explained that at 1 g/l the efficiency was 
double that at 0.1 g/l, whereas no improvement of the photo-activity was found with 
2.0 g/l of TiO2. By increasing the concentration of TiO2 more surface sites are 
available, but the amount of light penetration into the microbial suspension also 
decreases through increased light scattering by the nanoparticles, which in turns 
affects bactericidal efficiency (Cho et al., 2004; Maness et al., 1999; Bekbölet, 
1997). 
Although photocatalysis was able to inactivate bacteria in water, the addition of the 
catalyst, did not improve the disinfection rates previously obtained with UV-A/B 
treatment. In agreement with this finding, Herrera-Melian et al., (2000) demonstrated 
that the rates of UV disinfection and solar disinfection were not improved by the 
addition of TiO2.  
 
The medium-pressure lamp used in the present work produced UV-A/B which is 
capable to photo-excite TiO2 and to generate 
•
OH radicals. Nevertheless, the action 
of UV-A/B disinfection alone was previously shown to cause inactivation of 
bacteria. Routinely, in photocatalysis studies instead of medium-pressure lamps, 
lamps with low power usage, lower irradiance emission and which emit majorly in 
the UV-A wavelengths are used (Cho et al., 2004; Maness et al., 1999; Bekbölet, 
1997). Therefore, comparatively to the medium-pressure used in the present work the 
lamps used in these other studies do not have the same inactivation efficiency. In this 
way, although 1 g/l of TiO2 was added to the microbial suspension to induce 
photocatalytic inactivation, the high UV-A/B emission of the medium-pressure lamp 
alone was found to have superior inactivation efficiency. 
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The inactivation curves of UV-A/B treatment and photocatalysis were divergent 
suggesting that the mechanisms of kill were not the same. Above a certain time of 
treatment (e.g. >30 minutes for P. putida and >90 minutes for E. coli), the 
inactivation curves of bacteria in Ringers, Tap water, Milli-Q and Minimal medium, 
presented tailing. Gumy (2006) proposed that after 60 minutes of photocatalytic 
treatment the inactivation of E. coli formed intermediate products. Then, as the 
reaction progresses, the concentration of such intermediates increase and this 
saturates the reaction leading to a lack of further inactivation or a “tailing” response.  
 
Delay in the initial inactivation by the photocatalytic process (shoulder) was 
observed in inactivation curves of free-swimming E. coli in tap water and Milli-Q 
water. The shoulder is a phenomenon dependent upon medium composition and 
organism response. It has been observed as part of the response of bacteria to 
photocatalytic process Cho et al., (2004). The shoulder was not as evident in 
inactivation curves of P. putida CP1 in these media, but it did occur with P. putida 
CP1 in minimal medium.  
 
In Tap water the shoulder occurred possibly as a result of the competition between 
organic matter and ions present in the water and the bacteria for photoactive sites on 
the TiO2 surface. Prior exposure of bacteria to hypoosmotic stress in Milli-Q water 
could have started up an adaptive stress response. That has been observed in a 
number of bacteria as a response to previous exposure to mild cytotoxic stressors, 
such as oxidative stress. The consequence of this exposure is the enhancement of 
bacterial resistance to further exposure to other types of stress which is accompanied 
by the induction of several proteins (Crawford and Davies, 1994). Whether Milli-Q 
water caused an adaptive stress response in bacteria, that could have contributed to 
delay the damage caused by 
•
OH radicals; therefore explaining the shoulder curve 
type. Nonetheless, prolonged incubation in hypotonic medium, such as distilled 
water and Milli-Q, may cause efflux of salts such as sodium and magnes ium 
weakening the cell wall. As a consequence cell death may occur (Morbach and 
Krämer, 2002; Blake et al., 1999). Therefore, following prolonged incubation in 
Milli-Q water, bacteria were expected to be more vulnerable to photocatalytic 
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treatment. The shoulder in minimal medium could have occurred as a consequence of 
shielding and scavenging by 
•
OH by the ions.  
 
E. coli has been extensively used as a model organism in photocatalytic disinfection 
(Nadtochenko et al., 2005; Huang et al., 2000; Maness et al., 1999; Ireland et al., 
1993). That is the reason why the organism was chosen to be challenged in this 
research. Besides, it was also of interest to determine the response of aggregated cells 
of P. putida CP1. Furthermore, it was also of interest to determine the response of 
these free-swimming organisms to photocatalytic treatment in minimal medium as 
that was the medium utilized to grow aggregated cells. Both studies with P. putida 
CP1 and minimal medium were not found in the literature of photocatalytic 
disinfection.  
 
Loss of viability of P. putida CP1 in Ringers following photocatalytic treatment was 
higher than following UV-A/B alone. That is an indication that the mechanisms 
which took place with the addition of TiO2 were much more harmful to the cells.  
Another supportive evidence of the further damage caused by photocatalysis was 
confirmed by absence of dark repair. The same level of viability loss was not 
observed when photocatalysis took place in minimal medium. That could be related 
to the scavenging of 
•
OH radicals by ions, such as phosphate (Rincón and Pulgarin, 
2004b), and the shielding effects of this medium could also have played a role. 
 
The culturability of aggregated cells was only partially lost after 6 hours of 
photocatalytic treatment. As explained before, scavenging of 
•
OH radicals by 
phosphates and anion absorption onto the TiO2 surface were factors which could 
have delayed inactivation in minimal medium. As well as those, the competition 
between sub-products generated by the photocatalytic destruction of aggregated cells 
and viable bacterial cells could cause decay in inactivation rate. Besides, in the case 
of aggregated cells the number of cells in the aggregates (10
8
cell/ml) and the 
presence of EPS (extracellular polymeric substances) may have contributed to decay 
in photocatalytic efficiency.  
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Electrostatic attraction between the bacterial cell and TiO2 nanoparticles are favoured 
by neutral pH as, between pH 3 and 9, bacteria are negatively charged, whereas up to 
pH 7 TiO2 is positively charged (Gumy et al., 2006). It was expected that in minimal 
medium the neutral pH favoured the interactions between the bacterial cells and the 
nanoparticles. By extension, it is hypothesised that the association between the 
positively charged TiO2 catalyst and, negatively charged EPS (Sponza, 2003) was 
also favoured in minimal medium, as evidenced by phase-contrast and 
epifluorescence microscopy.  
 
Even though aggregates and nanoparticles were found in close association, the 
presence of EPS and shielding provided by TiO2 nanoparticles did not allow for ROS 
attack. That could explain the poor inactivation of aggregates by photocatalytic 
process in the conditions studies by this work. Hessler et al. , (2012) investigated the 
protective role of extracellular polymeric substances (EPS) in planktonic cells 
against ROS. Their study demonstrated that capsular EPS enhanced the attachment 
of TiO2 nanoparticles of planktonic P. aeruginosa. They argued, however, that the 
presence of EPS delayed attack and damage caused by ROS, by acting as a physical 
isolation barrier between cells and radicals.  
 
Contrary to what has been found with planktonic cells of P. aeruginosa by Hessler et 
al., (2012), the EPS surrounding planktonic cells of E. coli demonstrated no 
influence of microbial inactivation by 
•
OH radicals formed from photolysis of 
nitrates (Gong et al., 2012). In that study, the smaller amounts of EPS have been 
accounted for the absence of protection to planktonic cells of E. coli (Gong et al., 
2012).  
 
Although the aggregated cells were not inactivated by the photocatalytic process as 
effectively as by UV treatment, their rupture following photocatalysis was observed. 
Fragmentation of aggregated cells could have been caused either by UV-A/B 
absorption or as a result of ROS attack. Liu et al., (2007) demonstrated that 
photocatalysis with 0.1 g/l of TiO2 degraded less carbohydrates and proteins of 
bacteria when EPS was present. That is evidence that the EPS is highly influential on 
the rate of photocatalytic degradation of bacteria. That author argued that the 
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competition between EPS and bacterial cells for ROS was offered as an explanation 
for the delayed inactivation of cells.  
 
When the aggregated cells of P. putida CP1 were sonicated to allow counting, the 
dispersed cells had a coccoid shape. This change in the phenotype has been 
associated with nutritional stress (Fakhruddin and Quilty, 2007; Fakhruddin and 
Quilty, 2006). It is possible that compared to free-swimming cells of P. putida CP1 
used in this study, the cells in aggregates which had a coccoid form would have a 
lower cellular volume and therefore less cellular surface would be exposed to the 
attack of reactive oxygen species of photocatalytic process. The lower rate of 
photocatalytic inactivation of aggregated cells could also be related with resistance of 
this phenotype to oxidative stress damage as it has been demonstrated by attached 
bacteria (Gage et al., 2005). 
 
Viability loss of aggregated cells following photocatalytic treatment was the highest 
among the photodisinfection treatments (UV-C, UV-A/B and UV-A/B+TiO2). As 
nanoparticles were in close proximity with the aggregates, it is possible that even 
when the efficiency of inactivation was lower than UV-C and UV-A/B, the action of 
•
OH radicals and other ROS caused a more definitive damage to cell membranes. As 
pointed out by previous research, the attachment of bacteria to nanoparticles 
facilitates cell membrane damage (Hessler et al., 2012; Gogniat et al., 2006). The 
photocatalytic process promotes the decay of microorganism by destroying first the 
polysaccharides and proteins at the cell wall (Kiwi and Nadtochenko, 2005), then 
followed by the destruction of the cell membrane. As the bacterial cell membrane is 
damaged during the photocatalytic process, free-TiO2 particles may gain access to 
the intracellular compartments and cause further damage (Hessler et al., 2012; Huang 
et al., 2000). Lastly, adsorption onto the TiO2 surface and degradation of fructose 
during photocatalytic process, is likely to explain the lower values of fructose 
detected during photocatalytic treatment compared with other treatments.  
 
Rose Bengal (RB) is a xanthene compound with three aromatic rings arranged 
linearly and an oxygen atom in the centre of the ring. It produces in the presence of 
oxygen and under visible light excitation 80% of singlet oxygen and 20% of anion 
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superoxide (Perussi, 2007). The molecule of Rose Bengal has a fourth halogenated 
ring with I and Cl atoms altogether with the COO
- 
groups which confers its negative 
charge. Rose Bengal was chosen for the photodynamic inactivation of P. putida CP1. 
Previous investigations in the laboratory showed that while the biomass of 
aggregated P. putida CP1 bound easily to Rose Bengal, a lower evidence of 
attachment was observed with methylene blue. Based on the premise that a 
photosensitiser needs to locate itself in the vicinity of the microbial cell to promote 
inactivation (Hamblin et al., 2002) , Rose Bengal was chosen in the photodynamic 
inactivation investigations of both free-swimming and aggregated cells of P. putida 
CP1.  
 
Rose Bengal was able to promote total inactivation of 10
6
cell/ml of free-swimming 
P. putida CP1 in Ringers solution after a dose of 1.46 J/cm
2
 applied in 45 minutes. 
Similarly, Demidova and Hamblin (2005) showed a ~4.5-Log reduction of E. coli 
(10
7
cell/ml) following a dose of 8 J/cm
2
 with 35 µM (~35.71 µg/ml) of Rose Bengal.  
In another work, E. coli (10
5
cell/ml) was completely inactivated in the presence of 2 
mg/l of Rose Bengal following 45 minutes of exposure by a solar simulator with a 
fluence-rate of 950 W/m
2 
(Rengifo-Herrera et al., 2007). One difference between the 
present study, where an LED device was used, and the investigation from Rengifo-
Herrera et al., (2007) is that the solar simulator produced an additional disinfectant 
effect provided by 4% of photons in the UV-A/B and 0.5% of photons in the UV-C 
region.  
 
Rose Bengal demonstrated higher efficiency compared to methylene blue in the 
photodynamic inactivation of Gram-negative bacteria (Melo et al., 2011) and faecal 
coliforms (Jemli et al., 2002). In this later study, they found no change in the PDI 
efficiency by increasing concentrations of Rose Bengal from 10 and up to 50 µg/ml. 
This finding from Jemli et al., (2002) also supports the present work which did not 
show any improvement of inactivation rates by increasing the sensitiser above 10 
µg/ml. In a study from Melo et al., (2011), the photodynamic inactivation was more 
strictly dependent upon the visible light dose applied than the concentration. An 
efficiency of 5-Log inactivation of P. aeruginosa and 4-Log of E. coli arouse when 
10 µg/ml of Rose Bengal received a dose of 12 J/m
2
. The authors attributed the 
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difference in the activity of Rose Bengal and methylene blue as a result of the higher 
quantum yield of the former, which could have accounted for a higher singlet oxygen 
production (Melo et al., 2011). The effective concentration of homogeneous phase 
Rose Bengal used to inactivate bacteria was set as 10 µMolar, which is also below 
the cytotoxic limit (Shrestha and Kishen, 2012). 
 
A limiting factor in the photodynamic inactivation of the organisms was the low 
fluence-rate produced by the LED device (0.580 mW/cm
2
). The fluence-rate 
generated by a laser light produced higher fluence-rates varying from 50-400 
mW/cm
2
 (Demidova and Hamblin, 2005) to 526 mW/cm
2 
(Rossoni et al., 2010). As 
a consequence, a shorter exposure time taken for PDI to kill bacteria has been 
reported by previous works (Rossoni et al., 2010; Demidova and Hamblin, 2005). In 
a study by Rossoni et al., (2010) 180 seconds were needed to photosensitise Rose 
Bengal (50 µg/ml) and to cause a 4-Log inactivation of Enterobacteriaceae strains. 
That is a much lower irradiation time than the 45 minutes required to kill 10
6
cell/ml 
of P. putida CP1 in Ringers.  
 
Another difference between the present study and others, such as Rossoni et al., 
(2010) and Demidova and Hamblin (2005), is that the toxicity of Rose Bengal 
manifested as a result of the long exposure time required to achieve kill with light. If, 
however, the fluence-rate was greater, the rate of singlet oxygen produced per unit of 
time ought to have been higher. As a consequence kill would have been achieved 
more rapidly, potentially before a cytotoxic effect provoked cell death. 
 
When P. putida CP1 was challenged by PDI with Rose Bengal in Ringers, kill was 
only observed at the lower concentration of the sensitiser. It could be that at high 
concentration (50-100 µg/ml) of Rose Bengal the molecules of this sensitiser were 
self-aggregating and becoming more negative. Thus by electrostatic repulsion they 
were impeded to bind or penetrate the negative cell wall. Shielding from light caused 
by a high concentration of Rose Bengal could also have been an issue to the 
photodynamic efficiency in these conditions. Besides, by increasing the 
concentration of sensitiser more molecules of Rose Bengal are available and they 
may compete with bacteria for singlet oxygen. At a lower load of sensitiser (10 
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µg/ml) however, these factors would have been less influent ial to the PDI effect 
observed. 
 
A lengthy time (>45 minutes) was required to inactivate free-swimming cells of P. 
putida CP1 in Ringers. In addition, no survival was observed in the overnight sample 
or in the dark control, that indicating that the sensitiser had a toxic effect on cells 
during prolonged incubation. Rose Bengal properties that inhibit bacterial growth are 
well known. For example, the sensitiser is used as an additive in malt extract agar 
acting as a selective aid in the isolation of Fungi as it inhibits the growth of bacteria 
(Gentry et al., 2009; Ottow, 1972). In photodynamic studies, the toxicity of Rose 
Bengal depends on the incubation time, the type of bacteria and the conditions of the 
experiment. Demidova and Hamblin (2005) showed no toxicity in the dark for E. coli 
(35 µM) or Staphylococcus aureus (0.35 µM) (Demidova and Hamblin, 2005). 
Rossoni et al. (2010) showed that for a 50 µg/ml Rose Bengal presented some level 
of toxicity to Enterobacteriaceae species. In another investigation, the dark toxic 
effect of Rose Bengal in PDT of the oral pathogen Gram-positive Streptococcus 
mutans were showed at concentrations >2.5 µMolar (Paulino et al., 2005). 
 
Studies of PDI in distilled water and PBS with Rose Bengal at 10 µg/ml showed 
different effects on bacterial survival with and without light when in comparison to 
Ringers. The organism was very susceptible to the presence of Rose Bengal in 
distilled water with and without light, and it was not affected by the sensitiser when 
in PBS. In the investigations of Demidova and Hamblin (2005), for example, the 
aqueous media was phosphate buffered saline. As previously mentioned, phosphate 
medium has been shown to delay the attachment of E. coli to TiO2 while in 
NaCl/KCl it enhanced its attachment (Gogniat et al., 2006). As in photocatalytic 
inactivation, it is possible that the aqueous medium also exerts functions of 
enhancement of inactivation or cell protection. This could address the superior 
disinfection of P. putida CP1 with Rose Bengal in Ringers solution compared to the 
results achieved in PBS. As previous ly mentioned, PBS has confirmed aspects of 
protection and enhancement of organism resilience and growth under 
photodisinfection conditions (Rincón and Pulgarin, 2007; Rincón and Pulgarin, 
2004b).  
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An aggregative behaviour of free-swimming P. putida CP1 was observed when 
stirring with PBS in the dark, and immediately after being incubated with light alone 
in distilled water. Interestingly, in that last case, was the only condition in which the 
organism survived well after overnight incubation. That observation establishes a 
link between organism survival and aggregation. In addition to that, in Ringers, an 
aggregative behaviour of P. putida CP1 was observed with both light and dark 
conditions at 0, 50 and 100 µg/ml of Rose Bengal. The lower sensitiser 
concentration, 10 µg/ml, did not cause aggregation of P. putida CP1 in Ringers. 
Aggregation was not observed in minimal medium, neither in the presence nor 
absence of sensitiser. As the balance of mineral content in minimal medium was 
diverse from the contents in Ringers, this could explain the aggregation previously 
observed.  
 
Microbial aggregation is triggered by environmental conditions such as predation, 
substrate gradient, slow growth, and chemical or physical stress (Bossier and 
Verstraete, 1996). Stirring and light irradiation of the cells are classified as types of 
physical stress, whereas the presence of Rose Bengal is categorised as chemical 
stress type. Pseudomonads species, including P. putida, are known to produce 
intracellular pigments, such as pyoverdines (Meyer, 2000). This type of molecule 
could act as a photosensitiser and provoke a photodynamic effect in the intracellular 
environment. In this way, aggregation under light may have occurred potentially as 
an attempt to decrease the irradiation achieving inner located cells. However, there 
were cases in which under light exposure P. putida CP1 did not aggregate. In this 
way, a clear link between the effect of light, medium, sensitiser and stirring to cause 
aggregation was not established; yet they may have acted synergistically resulting in 
the triggering of the aggregation of free-swimming cells.  
 
Photosensitisers used in photodynamic inactivation follow a general rule applied to 
Gram-staining of bacteria. While they are relatively more easily retained by Gram- 
positive cells, which stain with crystal violet, it is more difficult for them to be 
retained by Gram-negative bacteria (Perussi, 2007). The reason for the affinity 
between bacteria and the photosensitiser is in the differences between their cell wall.  
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The outer surface of the cell wall membrane of Gram-negative cells is negatively 
charged by phosphates and carboxylic acids present in the LPS (Jori and Coppellotti, 
2007). In Gram-positive bacteria the cell wall is a protective layer of 20-80 µm 
which is separated from the cell membrane by the periplasmatic space (Jori and 
Coppellotti, 2007; Cabeen and Jacobs-Wagner, 2005). The size exclusion limit of 
Gram-positive bacteria cell walls is about 50,000 to 70,000 Da. Therefore, they are 
relatively more permeable to antimicrobials than Gram-negative bacteria (Lambert, 
2002), which on the other hand, have a size exclusion limit of about 600-700 Da 
(Nikaido, 1994). Teichoic acids help to give to the surface of Gram-positive bacteria 
a negative charge and may play an important role in the passage of ions through the 
wall (Bauman, 2007). 
 
The overall charge of the wall in Gram-positive bacteria is the reason why most of 
the antibacterial agents are positively charged with bivalent cations (Weidenmaier 
and Peschel, 2008). In this way it is expected that the permeability of the Gram-
negative P. putida CP1 to Rose Bengal would not be high. Besides, it has been 
suggested that the uptake of anionic photosensitiser Rose Bengal is mediated by a 
combination of electrostatic interactions and by protein transporters (George et al., 
2009). It is believed that Rose Bengal does not bind well to planktonic cells in the 
case of Gram-negative cells, such as Pseudomonads and E. coli. The negatively 
charged dye diffuses through superficial sites of the cell membrane but it does not 
gain deeper penetration. Furthermore, the quantity of Rose Bengal to gain access to 
the Gram-negative is not sufficient to drive PDI. On the contrary, during 
photodynamic inactivation, RB mediates the generation of ROS and singlet oxygen 
in the extracellular environment. In the case of Gram-positive cells, Rose Bengal 
gains access slowly, yet higher than that of Gram-negative, to the inner of the cells 
by a diffusion-controlled process. Superior activity of Rose Bengal towards Gram-
positive cells is partially attributed to this and to the fact that Gram-negative cells 
may have carotenoids which protect them from irradiation (Demidova and Hamblin, 
2005). 
 
During the irradiation of Rose Bengal with a 525 nm LED device throughout the 
photodynamic studies, bleaching of Rose Bengal was observed. An intense pink 
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colour observed in the initial suspension, was gradually replaced by weakened colour 
intensity. Photobleaching or aggregation of the sensitiser may affect the production 
of ROS and singlet oxygen (Moreira et al., 2012).  
 
During the epifluorescence microscopic analysis of aggregated cells interaction with 
Rose Bengal attached to the biomass showed changes in its predominant colour 
emission; initially a red colour, followed by a more green /yellowish faded shade. 
This change either indicated modification of the conformation of the molecule by the 
light or by interaction with the EPS. Jemli et al., (2002) has reported that upon solar 
irradiation Rose Bengal photobleaches and that reduced photodynamic inactivation. 
Besides, upon illumination Rose Bengal undergoes photochemical changes in its 
molecules and the sub-products formed do not absorb the same amount of light nor 
do they have the same photosensitizing properties (Rengifo-Herrera et al., 2007). 
This is another reason why prolonged incubation would not favour the photodynamic 
effect but rather cytotoxic effects of the sensitisers.  
 
The ability of singlet oxygen to promote microbial inactivation is partially dependent 
upon the electrostatic interactions between the surface charge of microbial cell 
membranes and charges of the sensitiser. When aggregated cells surrounded by EPS 
matrix were studied, the interactions taking place between the biomass and the 
sensitiser are much more complex than those between Rose Bengal and the 
planktonic cells. When the sensitiser is in suspension, it has to bond to the EPS 
matrix, to being closer to target microbial cells. The matrix is not only a physical 
barrier to the close proximity of the sensitiser to the cells, it also could have acted as 
a barrier to the wavelengths which excite the dye and promote singlet oxygen 
generation. These are greatly influential matters in explaining the reason why 
aggregated cells of P. putida CP1 were more difficult to inactivate by PDI than free-
swimming counterparts. In addition to this, during the inactivation of aggregated 
cells Rose Bengal, which is an anionic dye, may have aggregated at the surface of the 
suspended biofilm. As a consequence it does not penetrate the negatively charged 
EPS (Shrestha and Kishen, 2012; Y. Guo et al., 2010).  
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A high attachment of Rose Bengal onto the biomass occurred. This led to colour 
removal. There was no evidence of biodegradation of the sensitiser remaining in the 
supernatant as revealed by the steadiness in the values of absorption ratio. Therefore 
it also signifies that the dye was removed by the biomass predominantly by a process 
of biosorption (Vitor and Corso, 2008). As opposed to this, Rose Bengal molecules 
which were retained onto the biomass of the aggregates, could have suffered 
alterations such as enzymatic attack, i.e. biodegradation. In this context, many 
species of Pseudomonads have been used to decolorize by biodegradation organic 
dyes (Chengalroyen and Dabbs, 2012). Such biodegradative interactions would 
afford to cause changes in the structure of the photosensitiser, and therefore preclude 
the photodynamic effect. In this way, the only evidence of changes in the chemical 
structure of the Rose Bengal attached from the biomass of P. putida CP1 was 
observed from the epifluorescence analysis.  
 
As Rose Bengal is an anionic molecule, it is not expected to highly interact with cell 
membranes and wall. Moreover, it is also a highly electrophilic molecule which may 
have interacted with H
+
 in the EPS (hydrogen bonding). Furthermore, other types of 
Van der Waals forces could have been present between the dye and EPS, such as 
dipole-dipole and London (between electron clouds). As Flemming (2009) explains, 
these types of weak physicochemical interactions keep the EPS together; their gross 
overall force can even exceed covalent bonds. Moreover, the presence of cation 
bridging (Flemming, 2009) in the EPS, promoted by divalent cations such as Ca
2+
, 
could also attract the negative Rose Bengal molecule. Therefore, the Rose Bengal 
charge could have restrained interaction with the cell walls, but the possibility of 
other types of interaction are likely to explain the affinity between Rose Bengal and 
the EPS of aggregated cells of Pseudomonas putida CP1. For this reason, Rose 
Bengal was found to be an excellent marker of EPS of these organisms. 
 
There was evidence of destruction of EPS during photodynamic inactivation with 50 
µg/ml. The average size of aggregated cells decreased 2-3 orders of magnitude when 
compared to stirring in the dark. A lower effect of photolysis by LED green light was 
also observed as the aggregates decreased in size under light exposure. It was not 
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unexpected that the irradiation by green light could have caused photosensitisation 
reactions of the biomolecules in the EPS matrix or in the cells.  
 
The evidence of destruction of EPS in the presence of light and 50 µg/ml of Rose 
Bengal, however strongly suggests that the Rose Bengal was able to cause severe 
damage to the matrix structure. According to Mantareva et al., (2011) the destruction 
of biofilm EPS matrix by singlet oxygen may occur by attack of carbohydrates by 
singlet oxygen. The fragmentation of the aggregated cells following PDI treatment 
may have occurred as part as singlet oxygen attack on the carbohydrate portion of the 
EPS matrix (Wainwright et al., 2002). Evidence of destruction of EPS in biofilms 
following PDI process has been addressed as important by Wainwright and Crossley 
(2004), as no other antimicrobial therapy is able to effective destroy the matrix. 
Wainwright et al., (2002) showed the destruction of EPS matrix of Pseudomonas 
aeruginosa biofilms (10
6
cell/ml), reaching an approximate 3-4 Log reduction of the 
bacterial infestation. In this study the authors also highlighted the importance of a 
photodisinfection process to destroy the EPS. 
 
An absence of destruction of aggregated cells with photodynamic inactivation with 
100 µg/ml of RB may have occurred by an enhancement of clumping of aggregated 
cells as facilitated by the sensitiser. In addition and as mentioned previously, the high 
concentration of sensitiser might have hampered the PDI effect by hindering light 
penetration. That was not considered as a problem during the experimental trials, as 
the sensitiser was highly incorporated by the biomass of aggregated cells. 
Nonetheless, the sensitiser associated with the biomass may also have acted as a light 
shield.  
 
Although fragmentation of the EPS matrix was noted during PDI treatment, no 
evidence of inactivation was found. This, however, was considered as a limitation of 
the method of microbiological evaluation, which was the presence and absence of 
growth by turbidity. Therefore, more research needs to be undertaken before a more 
conclusive association between loss of cell viability and the fragmentation of PDI is 
established. 
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In the case of a sensitiser used for water disinfection, it is undesirable that the 
sensitiser is retained by microbial cells or is in suspension. In the first case, it may be 
metabolized to more toxic by-products, and in the second it will require further 
removal. In this way, sensitisers such as Rose Bengal, which has a killing action 
more dependent upon extracellular generation of ROS and Singlet oxygen and does 
not need to be tightly bound to the cells, are an advantage for water disinfection 
purposes. 
 
An attempt to immobilise a porphyrin (tetraphenyl-porphyrin) in a solid carrier 
PVDF (Polyvinylidene-fluoride) was prepared by using dichloromethane (DMA) 
(DATA NOT SHOWN). Equal amounts (10 ml) of the stock solutions (P4VP/TPP 
1:1 vol/vol) were mixed and stirred thoroughly for 30 minutes or until the polymer 
and TPP sensitiser were completely dissolved. Then the sensitiser loaded polymeric 
films were cast on the bottom of Petri dishes. The Petri dishes were used as a 
photodynamic inactivation reactor of P. putida CP1 in Ringers and with the LED 
device at emitting at 525 nm to excite the porphyrin. No inactivation took place even 
at prolonged incubation (>12 hours). The microscopic analysis showed the sensitiser 
was well immersed in the polymer domains. In order to achieve significant results, 
the material ought perhaps to be more transparent than what has been produced, 
which was quite opaque. Moreover other classes of sensitisers with a higher singlet 
oxygen yield could be used to optimize the results achieved thus far. Other 
experimental conditions such as the initial number of cells, irradiation conditions and 
stirring must also be taken into account by future investigations. A similar attempt  
was made with Rose Bengal and methylene blue covalently bound in a polystyrene 
polymeric film cast on Petri dish. The polymer presented a porous structure which  
was used to achieve from 1.5 to 3-Log inactivation of 10
4 
cell/ml (Nakonechny et al., 
2012). 
 
In the case of the application of photosensitisation in clinical usage, it is desirable 
that the sensitiser is absorbed by the microbial cell so that the photodynamic effect 
can take place intracellularly (Shrestha and Kishen, 2012; Mantareva et al., 2011). In 
the case of photodynamic inactivation for attenuation of microbial contamination of 
water, the presence of the sensitiser in solution is not strictly necessary. Therefore, 
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the use of sensitiser which can be retained by the microbial cells is not the main point 
when a PDI method is being applied for such purpose.  
 
As demonstrated by previous work, Rose Bengal immobilised in solid carriers was 
capable of attenuating levels of Gram-negative and Gram-positive bacteria in water 
(Dahl et al., 1989; Bezman et al., 1978). Instead, other parameters have more 
relevance in the field, such as encountering molecules which preserve high singlet 
oxygen yields even after being immobilised. Modifications of the sensitiser molecule 
or its combination with compounds such as chitosan, which makes the cell wall 
permeable, have been shown to improve PDI inactivation by immobilised sensitisers 
(Shrestha and Kishen, 2012). 
 
Three photodisinfection technologies were studied for the inactivation of free-
swimming and aggregated Gram-negative bacterial cells. Superiority of UV-C over 
UV-A/B was demonstrated. The addition of TiO2 nanoparticles caused diverse 
damage to that observed by UV radiation alone, in addition dark repair was inhibited 
when the catalyst was used. This in combination of avoidance of selection of 
resistant phenotypes (Pigeot-Rémy et al., 2012) is a crucial advantage of the 
photocatalytic method over UV. Moreover, from the energetic perspective, an 
attempt to inactivate model bacterial with visible light was carried out with 
considerable success. However, optimization of the method is necessary to achieve a 
higher level of destruction of the aggregated cells.  
 
Aggregated cells of P. putida CP1 were studied for the first time as a model 
organism in the comparison of the effect of the three diverse photodis infection 
techniques (UV disinfection, TiO2 photocatalysis and Photodynamic Inactivation.  
 
The main objective of this thesis was to demonstrate how the aggregates behaved 
when challenged by photodisinfection and this has been showed and compared with 
the outputs of their free-swimming counterparts. The undoubted importance of E. 
coli has helped in the choice of this organism as the other model bacterium used in 
the thesis. Interestingly, the organism responded similarly to P. putida CP1, the 
second bacterial model, to the photodisinfection technologies investigated. As 
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formerly explained in the introduction section, Gram-negative bacteria species play a 
major role in the contamination of waters. They also play a major role causing 
infections, with highlight to the aforesaid importance of Pseudomonads. In this 
premise resides their importance as models for the development of water 
photodisinfectants.  
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6 Conclusions 
 
 The composition of the aqueous medium influenced the response of bacterial 
cells to photodisinfection. The presence of chlorine in tap water made this an 
unsuitable medium for UV-C and UV-A/B studies while the presence of 
minerals in an aqueous medium significantly reduced the effect of 
photodisinfection. 
 
 UV-C was the most effective radiation for photodisinfection. It was more 
effective than UV-A/B, UV-A/B in combination with 1g/l of TiO2 (titanium 
dioxide) and photodynamic inactivation using Rose Bengal.  
 
 The Gram-negative bacteria, E. coli (DSMZ 498) and Pseudomonas putida CP1, 
were similarly affected by UV-C and UV-A/B treatment.  
 
 Photodisinfection of aggregated bacterial cells was successfully demonstrated 
using UV-C and UV-A/B although the rate of disinfection was slower than that 
for planktonic cells.  
 
 Dark repair was observed for both planktonic and aggregated cells using UV 
disinfection. This was attributed to the presence of extracellular polymeric 
substances (EPS) in the case of the aggregated cells and to the short disinfecting 
times used in the case of the planktonic cells.  
 
 The use of a nonculturable approach, such as the LIVE/DEAD® Bacterial 
Viability Kit (BacLightTM), together with a culturable approach, such as the plate 
count, was important to determine more accurately the response of  the cells to 
photodisinfection than using a culturable approach only.   
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